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ABSTRACT
The two-spotted spider mite (Tetranychus urticae Koch) is a pest of tomatoes 
(Solarium lycopersicum) worldwide. The aim of this study was to generate data for 
comparison of spider mite resistant and susceptible tomato cultivar transcriptiome 
responses to mite feeding. Cultivars were screened for mite resistance using a platform 
developed and presented in this thesis. MicroTom (a brassinosteroid biosynthesis 
mutant) was found to be resistant to mite feeding, while MicroTom-D (a near isogenic 
line with increased brassinosteroid biosynthesis) was susceptible indicating that 
brassinosteroids may have a role in defences against spider miteTbeding. Jasmonic acid 
levels differed in these two lines endogenously and in response to spider mite feeding. 
Preliminary analysis of transcriptional response data indicates that MicroTom has a more 
dynamic early response to spider mite feeding than MicroTom-D. In addition, the basis 
of MicroTom resistance may involve changes in polyamine metabolism, and up 
regulation of cystiene protease inhibitors.
Keywords: Solarium lycopersicum, tomato, Tetranychus urticae, two-spotted spider mite, 
cultivars, brassinosteroid, plant defence, transcriptome, MicroTom, herbivory
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CHAPTER ONE -  INTRODUCTION
Insects and pathogens utilize a wide range of strategies to acquire nutrients from 
host plants. Unable to escape these attacks, plants have evolved defences to impede 
herbivory and pathogenesis. Some plant defences, such as trichomes and thickened wax 
layers, are constitutively produced (Walling, 2000). However the production of 
constitutive defences is costly to plants and can reduce overall fitness by diverting 
resources for growth and reproduction (Karban and Baldwin, 1997). To better allocate 
resources, plants have evolved induced defences that are activated only upon herbivory or 
pathogenesis (Karban and Baldwin, 1997; Shah, 2009). Induced defences can be 
categorized as either direct or indirect. Direct modes of defence target the attacking 
herbivore (Karban and Baldwin, 1997; Walling, 2000), while indirect defences are aimed 
to reduce herbivorous attack by attracting predators and parasitoids of herbivores (Dick et 
al., 2003). Induced direct defences identified to date include compounds such as 
glucosinolates, proteases inhibitors, and lectins that function as toxins, anti-digestives, 
and repellents (Karban and Baldwin, 1997; Pearce and Ryan, 2003; Walling, 2000).
1.2 Plant Defense Signaling
The biosynthesis of potent defence compounds is costly; consequently plants have 
evolved the ability to perceive the differences between herbivory and casual mechanical 
wounding such as wind damage. The initial events responsible for recognizing herbivory 
and triggering of signalling pathways that raise herbivore specific defences are not well 
characterized, though it is generally believed that plants employ similar perception 
mechanisms for pathogen and herbivore recognition. Perception of pathogens is based
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on the recognition of conserved microbial molecules (such as flagellins, and 
lipopolysaccharides) referred to as pathogen- (or microbial-) associated molecular 
patterns (PAMPs/MAMPs), via pattern-recognition receptors (Zipfel and Felix, 2005; 
Jones and Dangl, 2006). Similarly, it is thought that plants also recognize herbivory 
associated molecular patterns (HAMPs), leading to the activation of defences (Wu and 
Baldwin, 2009). Very few herbivore-derived elicitors are known (Maffei, Mitho, and 
Boland, 2007). However it is thought that HAMPs are comprised of a combination of 
chemical elicitors (derived from insect oral secretions or ovipositioning fluid of attacking 
herbivores), mechanical patterns of damage, and products of plant cell wall damage 
(Mithôfer and Boland, 2008). By detecting HAMPs, plants are able to determine the type 
and severity of herbivore attack and subsequently tailor defence responses accordingly 
(Wu and Baldwin, 2009).
1.3 Calcium and ROS Signaling
Plants employ complex signalling systems to inform undamaged tissues of biotic 
stressors (Bodenhausen and Reymond, 2007). It is thought that pre-emptive signalling to 
undamaged organs allows for tissue priming, that results in an intermediate state between 
quiescence and defence activation (Bostock, 2005). The priming of tissues for defences 
enables plants to be better equipped for herbivory or pathogenesis, without the associated 
resource costs of full defence activation. Local and systemic changes caused by 
herbivore feeding are signalled via the modulation of electrical and chemical signals (Wu 
and Baldwin, 2010). Within 5-6 minutes of initial herbivory perception the a change in 
plasma membrane potential (Vm) in the 6-8 cm area surrounding the site of damage 
occurs ( Maffei et al., 2007). This change in membrane potential is quickly followed by
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a fast action potential which originates from the site of damage and travels throughout the 
whole plant at a speed of about 40 m/s priming the tissues for herbivory defence (Maffei 
and Bossi, 2006). It is postulated that the influx of Ca2+ and other ions from the apoplast 
to the cytosol of plant cells is responsible for the change in membrane potential observed 
after herbivory-associated damage. This influx is initiated when reactive oxygen species 
(ROS) are produced as a result of cell damage during herbivory (Maffei et al., 2007). 
The production of ROS is also an essential part of plant stress response (Wong and 
Shimamoto, 2009). While high concentrations of ROS are toxic to the cell, these 
molecules are nevertheless necessary for cell signalling. It is thought the production of 
hydrogen peroxide (H2O2) -  which has been implicated as the systemic ROS signalling 
molecule -  is initiated by production of superoxide as a result of cell damage (Wong and 
Shimamoto, 2009). Superoxide is then converted by superoxide dismutase into the less 
toxic H2O2 (Maffei et al., 2007). Once initiated H2O2 behaves as a self-propagating 
signalling molecule, thereby eliminating the need for long distance diffusion of signalling 
molecules (Maffei et al., 2007).
1.4 Phytohormones
Phytohormones are signalling molecules that are involved in the regulation of 
most physiological process in the plants (Davies, 1995). Biotic and abiotic stress 
conditions result in changes in hormone concentration and sensitivity to hormones in 
planta, and it is thought that crosstalk between defence, growth, and development occurs 
at the hormonal level (Figure 1-1). The phytohormones jasmonic acid (JA), ethylene 
(ET), and salicylic acid (SA) regulate biotic stress responses in plants (Howe and Jander, 
2008). Though generally thought to act antagonistically, evidence of synergistic action
Figure 1-1 Model indicating interactions between hormone signalling pathways 
during plant-pest interactions. Jasmonic acid and Salicylic acid responses to 
herbivory are thought to act antagonistically in most contexts. The responses of these 
two major biotic stress response hormones are attenuated by ABA, BR, and ET 
signalling. ABA is involved in the positive regulation of both biotic and abiotic stress 
response. BR mediated biotic stress responses involve ABA signalling in many cases, 
however ABA signalling acts antagonistically to BR responses. While BR has been 
shown to negatively affect the formation of JA anti-herbivory traits, JA and ET act 
synergistically to regulate responses to herbivory. ABA: abscisic acid; JA: jasmonic 
acid; ET: ethylene; SA: salicylic acid; BR: Brassinosteroids.
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between SA responses and responses regulated in concert by JA and ET have also been 
reported in plant pathogen interactions (Wastemack et al., 2006). It appears that 
hormonal crosstalk, antagonism, and synergy varies greatly between host and pathogen 
pairs (Bari and Jones, 2009). This type of variation in hormone function is also likely to 
occur in plant-herbivore interactions. Although JA and ET were reported as the 
hormones that regulate plant defences against herbivory, in some cases defence activation 
is also dependant on the biosynthesis of SA (Verhage, Van Wees, and Pieterse, 2010). 
Low concentrations of SA and JA are thought to activate defences synergistically, while 
at high concentrations SA and JA antagonize the induction of responses activated by one 
another (Koo and Howe, 2009). Evidence suggests that hormonal crosstalk is greatly 
influenced by the proportions and concentrations of the hormones involved.
Brassinosteroids (BR) are a class of plant hormones structurally related to animal 
steroid hormones (Vert et al., 2005). BR has been shown to regulate growth, 
development and physiological responses in plants, but little is known about their role in 
biotic stress responses. Emerging evidence suggests that BR may play an important role 
in biotic stress response (Carvalho et al., 2011; Krishna, 2003; Yang et al., 2011). For 
example, the application of 24-epibrassinolide to tobacco has been shown to increase 
resistance to tobacco mosaic virus in a SA/protease inhibitor I (PR1) independent manner 
(Nakashita et al., 2003). The spraying of brassinolide has been shown to decrease 
disease symptoms in tomato (Solarium lycopersicum) inoculated with Verticillium 
dahliae (Krishna, 2003). Moreover BR signalling components such as BRI1-associated 
kinase (BAK1), and brassinosteroid insensitive 2 (BIN2) have been shown to be involved 
in SA-regulated pathogen induced programmed cell death, and beet curly top virus 4
(BCTV4) sensing respectively (Bari and Jones, 2009). This evidence implies the 
existence of crosstalk between BR and other stress hormones (Figure 1-1) (Hardtke, 
2007). In line with this, in Arabidopsis the BR application induces the expression of JA- 
ET defence genes (Divi et al., 2010). However BR has also been reported to negatively 
affect the formation of JA anti-herbivory traits in tomato (Rossi et al., 2009). Given that 
the application of BR to certain crops has been shown to increase crop yield, it may be 
worthwhile to elucidate the role of BR in plant-herbivore interactions of major crop 
species in an effort to identify suitable situations in which manipulation of BR levels 
could create herbivory resistant, higher yielding crops.
1.5 Tetranychus urticae
The two-spotted spider mite (Tetranychus urticae) is a generalist herbivore 
responsible for significant economic losses of field crops in hot dry climates and 
greenhouse crops worldwide (Figure 1-2A) (Martin, 2000). This polyphagious pest can 
feed on more than 900 species of plants, 150 of which are of economic value (Bolland et 
al., 1998; Martin, 2000). Spider mites are cell content feeders that feed on the contents 
of plant mesophyll cells. Although the wound size inflicted by feeding events is small, 
suck feeding attacks can cause the formation of necrotic spots on the host plant that 
interfere with photosynthesis (Figure 1-2B). Large scale spider mite infestation can lead 
to a decrease in crop yield, and in extreme cases, defoliation and death of the host plant 
(Helle and Sabelis, 1985). Despite the destructiveness of spider mite feeding upon a wide 
range of economically valuable plants, the actual mechanism by which they feed is not 
well understood. Current chemical control of spider mites has been complicated by the 
short generation time (7 days from egg to adult) and high fecundity of this species
Figure 1-2 Two-spotted Spider mite (Tetranychus urticae Koch).
Adult two-spotted spider mite (female) with eggs. Mature female spider mites are 
approximately 200 pm in width and possess four pairs of legs. Females are notably 
larger in size than males and can be distinguished by their oval bodies. A single female 
can lay up to 100 eggs in her lifetime. B. Damage inflicted by spider mite feeding on a 
beefsteak tomato leaf. Spider mite feeding induces the formation of necrotic spots that 
interfere with photosynthesis. C. Life cycle of the continuously breeding spider mite can 
be completed in seven days at temperatures of 27°C. It takes between 2-4 days for eggs 
to develop and hatch into three-legged larvae. Spider mite larvae develop into four­
legged protonymphs after two days. The spider mite will live approximately two days as 






(Figure 1-2C), which has enabled the rapid development resistance and cross-resistance 
to major pesticide groups (Helle and Sabelis, 1985; Martin, 2000; Opit et al., 2009). 
Control of mite populations resistant to multiple groups of pesticides is becoming 
increasingly challenging (Opit et al., 2009). While biological controls for spider mites 
have been explored, control methods using predatory mites and fungal pathogens have 
been variable at best (Opit et al., 2009).
Recently the genome of the two-spotted spider mite was sequenced, 90 Mb in size 
and distributed on 3 chromosomes, it is the only sequenced chelicerate genome to date 
(Grbic et al., 2011). Chelicerates are the second largest group of terrestrial animals 
(Edgecombe, 2010; Regier, 2010). Some chelicerate species have a direct impact on 
human health as they act as disease vectors while others, like the two-spotted spider mite, 
are agricultural pests. More importantly the spider mite genome represents one of the 
first agricultural pest genomes to be sequenced. Tools are currently being developed to 
facilitate the use of spider mites as a model system for plant-chelicerate interactions. 
Expression arrays have been developed for spider mites and are currently being employed 
to examine the transcriptional responses of spider mites to plant defences (Grbic et al. 
Unpublished data). Spider mites can feed on tomato and Arabidopsis, pot plant model 
systems for which substantial genetic tools exist. The use of the two-spotted spider mite 
as a pest model could potentially lead to a better understanding of plant-pest interactions 
by enabling the probing of both plant and pest responses during their interactions.
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1.6 Solarium lycopersicum
The tomato {Solarium lycopersicum) is an herbaceous species that along with 
potato, peppers, and eggplant, belongs to the Solanaceae. Endemic to the Andean region 
of South America, tomato was first cultivated in Mexico and is now an important 
agricultural crop worldwide with an annual production of 154 million tonnes, valued at 
$32B USD (FAOSTATs, 2009; Diez and Nuez, 2006).
Tomato naturally grows in a loose, straggling bush up to 2 m in diameter 
(Luckwill, 1943). The herbaceous branches of tomato plants support leaves that consist 
of 6-8 leaflets arranged in opposite pairs along the rachis, ending in an elongated terminal 
leaflet (Went, 1944). The leaves and stems of tomato are pubescent, with the types and 
distributions of trichomes differing between cultivars (Luckwill, 1943). Tomato 
trichomes can be classified as either glandular (Figure 1-3) or non-glandular. While dense 
distributions of non-glandular trichomes are thought to impede insect movement on the 
plant surface, increased densities of glandular trichomes have been associated with 
resistance to insect herbivory in tomato (Castagnoli and Caccia, 2003). Glandular 
trichomes are responsible for synthesizing and secreting secondary metabolites on to the 
leaf surface and have been shown to function as early warning sensors (Peiffer et al., 
2009). It is thought that tomato glandular trichomes act similarly to the trigger hairs of 
carnivorous plants such as the Venus fly trap {Dionaea muscipula) and sundew (Drosera) 
that detect movement on the plant surface and prime the plant for activation of induced 
responses (Peiffer et al., 2009).
Tomato is considered as a model species for the Solanaceae family, and its 
genome sequence was publically released in 2009. While the habitat, morphology, and
Figure 1-3 Tomato trichome types. A. An illustration of the types of glandular 
trichomes present on tomato leaves, as defined by Luckwill (1943). Type I trichomes 
are 1.5-2.5mm in length, 6 to 10 celled hair-structures anchored by a bulbous base. Type
IV trichomes are slender hairs, 0.2-0.4mm long, with a small glandular vesicle tip. Type
V trichomes are short hairs 0.1-0.3mm in length, consisting of 1 to 4 long cells. These 
trichomes are often bent in the middle portion of its length. Type VI trichomes are 
glandular hairs 0.1-0.5mm in long, consisting of a lobed unicellular base, and have a 
distinct four-lobed glandular head consisting of 2 to 4 cells. Upon mechanical contact the 
lobed glandular head breaks off, releasing the secondary metabolites and volatiles stored 
within. Type VII trichomes are small glandular hairs 0.05-0.1mm in length, consisting of 
a single basal cell and a unicellular stalk. The glandular heads of type VII trichomes are 
0.02-0.04mm in diameter and consists of 4 to 8 irregularly arranged cells. B. Scanning 
electron micrograph (SEM) of a type VI glandular trichome on the surface of a Beefsteak 
tomato plant. C. SEM of a Beefsteak tomato leaf surface. Trichome types are labelled.
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growth habits of Solanaceous species differ greatly, there is a high degree of conservation 
at the gene level in terms of sequence and order of genes between members of this genus 
(Gupta et al., 2009). Consequently the tomato genome sequence can be employed as a 
reference for studying the function of orthologous genes in Solanaceous plants. 
Moreover approximately 30% of tomato genes do not have significant similarity with any 
Arabidopsis genes (Daisuke and Shibata, 2005). Functional analysis of these genes will 
provide novel insights into the mechanisms controlling biological functions not present in 
Arabidopsis.
Tomato is a diploid species with a 950 Mb genome distributed on 12 
chromosomes, approximately 75% of tomato genetic material consists of heterochromatin 
and largely devoid of genes. There are large, publicly available collections of 
germplasm, mutants, and expressed sequence tags (ESTs) for tomato (Matsukura et al., 
2008). The availability of high density trait maps and DNA markers for tomato has made 
it an exceptional model for investigating fruit development, ripening processes, sugar 
metabolism, carotenoid biosynthesis in fleshy fruit, quantitative trait locus (QTL) 
analyses, and plant-pathogen interactions (Arie et al., 2007; Carrari et al., 2007). 
Although the application of reverse genetics approaches in elucidating the function of 
tomato genes has been successful, large plant size and long life cycle have complicated 
the development of large-scale, high-throughput functional genomics approaches for 
tomato research.
1.6 MicroTom
MicroTom (MT) is a dwarf tomato cultivar, originally bred for home gardening 
(Scott and Harbaugh, 1989). Generated from a cross of cv. Florida Basket and Ohio
15
4013, it has received much attention as a model cultivar for tomato molecular genetics 
(Scott and Harbaugh, 1989). The cultivar’s relatively short life cycle (70-90 days from 
sowing to fruit ripening), small size (15-20 cm in height), and capability for high density 
growth (1 357 plants/m2) has enabled researchers to develop a tomato system in an 
Arabidosis-\ike manner (Meissner et al., 1997). As this cultivar has many advantageous 
characteristics, molecular tools have been established, including large collections of 
Ac/Ds transposon (T-DNA) insertional tagged, EMS, and gamma irradiated mutant lines 
(Matsukura et a l, 2008; Meissner et al., 2000). Moreover, though Agrobacterium- 
mediated transformation of most tomato cultivars has been less efficient than that of other 
plant species, high efficiency transformation protocols have been established for MT 
thereby enabling the application of forward genetic approaches in a tomato system 
(Matsukura et al., 2008). The availability of these tools and mutant collections in MT 
has paved the way for large-scale and high-throughput functional genomics work in 
tomato.
1.7 Improvement of Tomato Crops
Intraspecific variation in the cultivated tomato has been exploited in the past to 
augment growth habit and fruit characteristics, however this source of variation was not 
sufficient to overcome disease, pest, and nutritional deficiencies (Diez and Nuez, 2006). 
While attempts have been made to introduce resistance traits from the nine wild relatives, 
inter-specific breeding boarders have impeded the introduction of pest resistance traits 
(Gupta et al., 2009). Over the last decade the use of genetic engineering has resulted in 
the production of biotic and abiotic stress resistant tomato lines, as well as tomato lines 
with increased nutritional value (Gupta et al., 2009). However loss of crop yield and
value caused by insect herbivory remains a large problem in the cultivation of tomato. 
Due to the high degree of susceptibility to insect herbivory in tomato, the commercial 
production demands a heavy load of insecticides for pest management (Zalom, 2003).
1.8 Tomato-Spider Mite Interactions
Spider mites are a natural pest of cultivated tomatoes worldwide (Boubou et al., 
2011). Research into tomato-spider mite interactions has resulted in the identification of 
wild tomato lines that are spider mite resistant (Guo et al., 1993). While tomato 
resistance to spider mites has been linked with constitutive defences, such as increased 
densities of glandular trichomes and increased expression of protease inhibitors (Pearce 
and Ryan, 2003), limited research has been done on the genetic variability of induced 
defences (Guo et al., 1993; Kennedy, 2003; Pearce and Ryan, 2003).
Previous research examining the expression of known defence genes has shown 
that tomatoes activate direct and indirect defences at different rates upon spider mite 
feeding (Kant et al., 2004). Furthermore it has been shown that tomato anti-herbivory 
defences induced by spider mite feeding are regulated by the JA signalling pathway (Li et 
al., 2002). While these studies shed light on the types of responses induced, they provide 
little information as to what induced defences are successfully employed by spider mite 
resistant cultivars against spider mite feeding (Castagnoli and Caccia, 2003; Kant et al., 
2004; Li et al., 2002). Several previous studies have assayed tomato performance 
against spider mites (Guo et al., 1993; Snyder et al., 2005). However these studies 
employed spider mite infested fields or greenhouses to examine tomato performance. 
Although more convenient and less labour intensive than manually applying mites to
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tomato plants, this type of experimental set up results in unequal numbers of mites 
feeding on each plant. Proximity to a plant with a high density of mites could increase 
perceived susceptibility, by increasing the number of mites feeding upon this 
neighbouring plant. Alternatively, perceived resistance could occur as a result of defence 
priming via the release of volatiles such as methyl-jasmonate and methyl-salicylic acid 
(Ament et al., 2010). Furthermore, growth conditions are not tightly controlled in field 
plots and greenhouses as in control environmental chambers. Consequently factors such 
as light intensity, temperature, and day length could influence and affect the responses of 
tomato plants to spider mite attack, thereby changing the perceived resistance or 
susceptibility of a tomato cultivar.
Other studies aimed at examining the repellency multiple tomato cultivars to 
spider mite feeding have employed detached leaf systems (Guo et al., 1993). The spider 
mite-repellency of leaves detached from the whole tomato plant is equated with spider 
mite resistance in the tomato cultivar from which the leaf originated (Mallik and 
Kulkami, 2007). While these experiments allow a rough approximation of plant-mite 
interactions, the mechanical damage caused by the physical removal of a leaf from the 
plant would likely induce wounding responses. As a result, the detached leaves may 
produce secondary metabolites not normally present, and exhibit stronger anti-herbivory 
defences than would normally be induced by spider mite feeding. As spider mite feeding 
only causes a small wound, the repellency exhibited in detached leaf assays may not be 
induced. Nevertheless detached leaf repellency assays of tomato cultivars coupled with 
gas chromatography-mass spectrometry of leaf washes have resulted in the identification 
of spider mite-repellent tomato secondary metabolites (Snyder et al., 2011, 2005).
1t
Accurate comparison of tomato cultivar the responses to spider mite feeding will 
require the development of a screening system employing controlled applications of 
mites. Light conditions under which tomato plants of various cultivars are grown must 
also be controlled, as biosynthesis of phytohormones has been shown to be greatly 
influenced by light levels. Although such a platform would not capture benefits garnered 
from indirect defences, it would permit a more accurate comparison of tomato cultivar 
performances against spider mite feeding than currently employed screening platforms.
1.9 Goals and Objectives
The main goal of this research was to generate transcriptional data for the 
examination of the responses of one spider mite resistant and one spider mite susceptible 
tomato cultivar. Spider mite resistant and susceptible Arabidopsis accessions have 
different transcriptional responses to mite feeding (Grbic et al. Unpublished data). It is 
expected that spider mite resistant and susceptible tomato cultivars will also differ in their 
spider mite induced transcriptional responses.
The objectives of this research aimed to test this hypothesis were:
1. Develop a platform for tomato spider mite interactions which employed 
controlled conditions and would generate reproducible results.
2. Analyse the variation in tomato responses to spider mite feeding using the 
platform developed.
3. Generate transcriptional response data for one spider mite resistant and one spider 
mite susceptible cultivar.
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CH APTER TW O -  M ATERIALS AND M ETHODS
2.1 Plant Material
The seeds of Solarium lycopersicum were obtained from the Tomato Genetics 
Resource Center (University of California, Davis, CA, USA) and the Institut National de 
la Recherche Agononioque (Paris, ille-de-France, France). California Red Kidney beans 
(Phaseolus vulgaris) for mite rearing were obtained from Stokes (Stokes, Thorold, ON,
Canada). A detailed list of cultivars and sources can be found in Table 2-2.
2.2 Planting and Growth Conditions
The seeds of S. lycopersicum were sown and grown in PRO-MDC soil (Riviere-
g
du-Loup, QB, Canada). The soil was autoclaved for 20 minutes. Once autoclaved, the soil 
was moistened with water and transferred to square plastic pots (7.5 cm x 7.5 cm x 9 cm) 
flush with pot. Eighteen square pots were placed in 55 cm x 28 cm plastic trays. Once 
the soil was prepared, a single seed was planted 0.5 cm below the surface of the soil.
Plants were watered as needed and grown at 23°C, 75% humidity and under 16/8 hr 
light/dark regime at 120-150 pmol/m2/s.
2.3 Herbivore Rearing
The two-spotted spider mites were obtained from a highly inbred colony 
maintained at the Southern Crop Protection and Food Research Centre (London, ON,
Canada). Mites were reared on California Red Kidney bean plants. Bean planting and 
growth conditions were as detailed in Chapter 2.2. Once the bean plants grew to the two
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leaf stage they were transferred to a rearing chamber containing bean plants already 
infested with spider mites. Mites were permitted to move from infested to fresh plants. 
Old bean plants were removed and replaced with fresh plants upon yellowing and wilting 
(approximately two weeks following transfer to the rearing chamber). The rearing 
chamber was kept at 24°C with 60% relative humidity, with a 16 hr light/8 hr dark light 
cycle. At 24°C, the average adult mite lifespan was approximately 20 days and with each 
female laying about 100 eggs during this 20 day lifespan (Martin, 2000).
2.4 Infestation Protocol
Spider mite-infested bean plants were removed from the rearing chamber and 
transferred to a preparation room using a plastic box to prevent mite dispersal. Bean 
leaves were cut from the infested plants and a flat soft-bristled paint brush was used to 
brush the mites from each bean leaf into a 100 pm sieve. To prevent spider mite escape 
and dispersal after collection, the 100 pm mesh sieve was stacked on a 500 pm sieve and 
placed in the center of a 100 mL Petri plate filled with water to create a water barrier 
(Figure 2-1). After the spider mites were removed, the bean leaves were placed in a 2 L 
beaker and sprayed with 70% ethanol to kill any remaining mites prior to autoclaving and 
disposal. Once they had climbed to the top rime of the sieve, large female spider mites 
were individually transferred to 18-day old tomato plants using a fine tip paint brush. 
Seedlings were infested with spider mites eighteen days post sowing, at the point when 
the seedlings had produced two fully-expanded true leaves. To avoid spider mite 
dispersal to other areas of the plant, a ring of glue (Tangletrap, Tanglefoot Co.) was 
painted on the petiole adjacent to the leaf or leaflet infested with spider mites using two 
toothpicks. Once infested, tomato plants were placed into a large plastic box to prevent
Figure 2-1 Schematic of spider mite infestation protocol. Bean leaves are cut from the 
infested plants and a flat soft-bristled paint brush is used to brush the mites from each 
bean leaf into a 100 pm sieve. To prevent spider mite escape and dispersal after 
collection, the 100 pm-mesh sieve is stacked on a 500-pm sieve and placed in the center 
of a 100 ml Petri plate filled with water to create a water barrier. Once spider mites climb 
to the top rime of the sieve, large female spider mites are individually transferred to 18- 
day old tomato plants using a fine tip paint brush. After the transfer of mites, tomato 
plants are placed on top of 100mm diameter Petri plate bottoms within black trays filled 




mite dispersal and moved to an interaction. Interaction chamber conditions were 
identical to those of the rearing chamber (Chapter 2.3). For the duration of the feeding 
experiment, plants were placed on top of 100 mm diameter Petri plate bottoms within 
black trays filled with water to prevent mite escape (Figure 2-1). The Petri plate bottoms 
were used to create a pedestal upon which pots with the tomato plants could rest. This 
allowed the maintenance of a water barrier to prevent mite escape without causing plant 
stress from over watering.
2.5 Time Course and Dosage Experiments
Beefsteak tomato plants were sown and grown under the growth conditions 
described in Chapter 2.2. Infestations were conducted as described in Chapter 2.4. The 
terminal leaflet of the second emerged leaf of each plant was infested mites. Nine 
treatments with 0, 50, 100, or 150 mites (n=28) and feeding times of 5, 7, or 10 days were 
conducted. At the end of each feeding period plants of each dosage treatment were 
sacrificed (n=9) and the infested leaves were scanned using the CanoScan Toolbox 
(Canon Canada Inc, Mississauga, ON, Canada) program and a CanoScan8600 scanner 
(Canon Canada Inc, Mississauga, ON, Canada).
2.6 Mite Distribution
Beefsteak tomato were grown and infested as described in chapters 2.2 and 
chapter 2.4 respectively. Mites were distributed on the three terminal leaflets of the 
second emerged leaf of the tomato seedlings. Mite numbers of 1, 5, 15, and 50 per 
leaflet (totalling in 3, 15, 45, and 150 mites per plant) (n=9) were used. Mites were 
allowed to feed for 5 days after infestation, leaves were then scanned using CanoScan
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Toolbox (Canon Canada Inc, Mississauga, ON, Canada) program and a CanoScan 8600 
scanner (Canon Canada Inc, Mississauga, ON, Canada).
2.7 Scanning Protocol
Total areas of spider mite damage on tomato leaves were quantified using either 
manually or using an automated Photoshop quantification method. To assess the total 
area of damage caused by spider mites on S. lycopersicum, the leaves were removed from 
the seedlings and scanned at 1200 dpi using a CanoScan 8600F scanner (Canon Canada 
Inc, Mississauga, ON, Canada). Prior to scanning, leaves were washed in 0.01% Tween- 
20, and leaflets were removed from the petiole and laid out on the scanner glass surface. 
Petioles were not scanned as the surfaces of these tissues are densely covered with 
trichomes which can be inadvertently counted as areas of spider mite damage during 
automated quantification due to their light colour. Three leaves of the same accession 
were scanned simultaneously. Leaves were scanned using black velvet as the 
background. The velvet was stretched a foam board with foam legs 0.7 cm in height to 
ensure equal distances between the velvet background and the scanner surface to 
minimize the effects of scanning conditions on the quantification results.
Initially the CanoScan Toolbox software provided as a standard driver for the 
scanner was used to acquire the digital images. Later IfranView (Irfanview.com), a 
software which allows of the Twain source and deactivation the automatic colour 
adjustment settings, was used. The IfranView (Irfanview.com) software allowed the 
recording of non-color adjusted leaf scans. While the CanoScan Toolbox (Canon Canada 
Inc, Mississauga, ON, Canada) did not alter the relative results of the cultivar screen, it
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did introduce artefacts of damage not caused by spider mites that were not found in scans 
recorded using the IffanView (Irfanview.com) software.
2.8 Damage Quantification
Manual quantification of spider mite damage to plant tissues was performed using 
Photoshop CS5 (Adobe Systems, Mountain View, CA, USA). Images were overlaid with 
0.25 mm x 0.25 mm divisions, and damaged leaf areas were marked using a 21 pixel dot 
on a separate layer. The total number of pixels on the layer was determined using the 
histogram tool, and the number of ‘dots’ marked calculated by using the formula:
Number of dots = pixels/21pixels*dof\
The total area of damage was then calculated by multiplying the number of marked dots 
on the image by 0.0625 mm2 (the area of each grid portion marked).
Automated quantification of spider mite damage was conducted using Photoshop 
CS5 (Adobe Systems, Mountain View, CA, USA) using a method adapted from Kant et 
al. (2004). New layers were created containing each terminal leaflet; these layers were 
generated from scanned leaf images and saved as Photoshop Document (PSD) files. The 
selection box used to create leaflet layers was limited in size so that the background area 
copied to the new leaflet layers was approximately the same for each leaflet. A new 
threshold adjustment layer was then created, and set such that all the damaged areas 
appeared white and undamaged (green) and background areas black. The number of 
damaged (white) pixels selected in each leaflet layer was then quantified using the 
histogram tool, with the ‘selected layer’ option chosen in the dropdown menu. The area
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damaged in each leaflet was calculated from the number of white pixels using the 
formula:
Area in mm = (resolution of image in dpi)2/(m m /l  in)2.
2.9 Cultivar Screen
A list of varieties used this cultivar screen can be found in Table 2-1. In the first 
screen all 30 cultivars were planted, of which 28 germinated and produced healthy plants 
(n=3). The subsequent repeats of treatments included only the 4 most resistant and 4 most 
susceptible cultivars identified in the first screen (n=6) (Table 2-1). Plants from each 
cultivar were infested as described in chapter 2.4 and chapter 3.5. At the end of the 
feeding period, leaves were scanned using CanoScan Toolbox (Canon Canada Inc, 
Mississauga, ON, Canada) software and a CanoScan8600 (Canon Canada Inc, 
Mississauga, ON, Canada), and total areas of damage were quantified using the 
automated method.
2.10 Trichome Distribution Assay
Trichomes were classified according to Luckwill 1943, based on trichome stalk 
length and presence/absence of glands (Figure 1-3) Two terminal leaflets obtained from 
11 plants of each genotype were analyzed by counting every trichome found under a 
stereoscope at 4x magnification (area = 19.6 mm2). Since trichome density in tomato is 
dependent on leaflet age (Li et al., 2004), measurements were made using fully expanded 
leaflets taken from the middle section of the plants. Two leaves were taken from 10 
plants of each cultivar (n^ZO).
(N TABLE 2-1 Sources of Plant Material
Cultivar Name Species Source Cultivar Name Species Source
LA 1777a * S. habrochaites TGRC Moneymaker8 S. lycopersicum INRA
PI134417a S. habrochaites INRA Muchamiel8 S. lycopersicum INRA
Apmotabomora * S. lycopersicum INRA Orange Cocktail8 S. lycopersicum INRA
Heinz 1706 a* S. lycopersicum TGRC LA 19698 S. chilense TGRC
Hirola S. lycopersicum INRA Atom8 S. lycopersicum INRA
LA0490 8* S. lycopersicum TGRC Cervil8 S. lycopersicum INRA
LA 1024 a S. lycopersicum TGRC Criollo8 * S. lycopersicum INRA
LAI 8008 S. lycopersicum TGRC Droplet8 S. lycopersicum INRA
LA2009a S. lycopersicum TGRC LAI 4648 S. lycopersicum INRA
LA23568 S. lycopersicum TGRC Tiny Tim8* S. lycopersicum INRA
LA23968 S. lycopersicum TGRC VIR135 8 S. lycopersicum INRA
LA24438 S. lycopersicum TGRC W val068 S. lycopersicum INRA
LA2701 8 S. lycopersicum TGRC Beefsteak8 S. lycopersicum Barton Seed Co
LA28208 * S. lycopersicum TGRC
LA31188 S. lycopersicum TGRC BEAN
LA38458 S. lycopersicum TGRC California Red Kidney Bean Phaseolus vulgaris Stokes Seed Co
M-828 S. lycopersicum INRA
MFT N2968 S. lycopersicum INRA
MFTN297 8 S. lycopersicum INRA
Microtom8 b S. lycopersicum INRA
indicates inclusion in first screen * indicates inclusion in second screen
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2.11 Mite Feeding Experiments
Two days prior to starting the microarray experiment treatments the temperature 
of the interaction chamber (ENOLL CHAMBER 11) was raised to 35°C, the humidifier 
turned off, and the lights set to 24 hour darkness. 1 hour prior to infestations, the 
chamber was cooled to experimental conditions detailed in chapter 2.4. Eighteen day-old 
MicroTom (MT) and MicroTom-D (MT-D) plants were used for feeding experiments. 
Seedlings were infested as outlined in chapter 2.4 and chapter 3.5 with the exception that 
no glue was used to contain the mites and the use of varying feeding periods. Mites 
were allowed to feed on the plants for 24 hours, 12 hours, 6 hours, and 3 hours (n=3) all 
ending at the same time (Figure 2-2). Control plants were taken at 0 hours and at the end 
of the feeding period, such that there were two sets of controls for each accession used. 
The second emerged leaf was removed, leaf samples for three plants were pooled to 
generate one replicate (n=3). Pooled tissues were immediately frozen using liquid 
nitrogen and placed on dry ice for transport. Samples were stored at -80°C prior to 
grinding in liquid nitrogen using mortar and pestles were treated with chloroform to 
denature any possible RNases. Ground tissues were stored at -80°C and aliquots were 
taken for RNA isolation and hormone quantification. Feeding experiments were repeated 
to generate three replicates were generated for every time point (n=9).
2.12 Measurement of Hormone Concentrations
Tissue was aliquot from pooled/ground leaf tissues collected for transcriptome 
analysis and stored at -80°C freezer. Samples were sent to Leon Kurpin (Department of 
Biology, University of Western Ontario, London, ON, CA) for hormone measurements.
Figure 2-2 Spider mite feeding experiments. Schematic of the feeding experiment 
conducted to generate tissues for hormone and transcriptome analysis. MT and MT-D 
seedlings were infested with spider mites at staggered time points such that all feeding 
periods end at the same time. Mites were permitted to feed for 3, 6, 12, or 24 hour 
periods on the second emerged leaf of tomato seedlings. At the end of feeding 
experiment leaves that had been feed on by spider mites were removed, pooled (n=3) 
into three replicates for processing. Uninfested control tissues were collected at the 
beginning (Start, 10pm) and end of the 24 hour period (10pm) of the feeding experiment. 
Infestations were staggered over a 24 hour period so that all feeding periods would end 
simultaneously (End, 10pm). Yellow: period of light exposure; Teal: period of dark 
conditions during the 24 hour period during which the feeding experiments were 
conducted; green line: length of time the 24 hour uninfested control plants were placed in 
the interaction chamber; purple: feeding periods
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The following protocol was used by Leon for measuring JA and SA levels. Tomato 
tissue samples (ca 0.2-0.4 g fresh weight) were extracted in MeOH-T^O-HOAc (90:9:1, 
v/v/v), 200 ng of each of c^-SA (2-Hydroxybenzoic acid-d^, CDN Isotopes, Quebec, 
Canada) and d5-JA (CDN Isotopes, QB, Canada) were added to the extraction solvent as 
internal standards. The MeOH extract was placed overnight at -20°C, then centrifuged 
for 5 min (8 000 xg) on a microcentrifuge (Microfuge 16, Beckman Coulter, Mississauga, 
ON, Canada) and the supernatant collected. The pellet was then redissolved in 90% 
MeOH solution and the supernatant collected after lhour. The supernatants collected 
were then combined and dried in a speedvac. The extract was then purified using a SPE 
C l8 (14%, 500mg/3mL; Canadian Life Science, Peterborough, Ontario, Canada) and the 
MeOH-H20 (80:20, v/v) elutant was collected, and dried in a speedvac. The dry residue 
was then reconstituted in 200 pL of 0.05% acetone in H20-MeCN (85:15, v/v) and 
filtered with a 0.45 pm filter (Life Sciences-Pall Ltd, Mississauga, ON, Canada).
The identification and quantification of plant hormones was carried out on an 
Agilent 1100 HPLC (High Performance Liquid Chromatograph) with a 25 cm x 1.0 mm, 
Synergi, 4 p Hydro-RP, 80 A reverse phase column (Phenomenex). Fifty pL of each 
sample was analyzed using an 80 min LC method with starting conditions set 0.05% 
HOAc in H20-MeCN (85:15, v/v). Ions were detected in MS negative ion mode (Q-ToF 
Micro; Waters): 141/137 for SA and 213/209 for JA.
2.13 RNA Isolation
Approximately 100 pL of ground leaf tissues generated from the microarray 
feeding experiment was aliquot out into 1.5 mL eppendorf tubes for RNA isolation. 
RNA isolation was done using either Trizol (Invitrogen cat# 15596-026), or RNeasy Plant
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Mini Kit (Qiagen cat#74904) as per manufacture’s specifications and stored at -80°C. 
Preliminary RNA quality and concentration measurements were determined using a 
spectrophotometer (Nanoview, ThermoScientific, Wilmington, DE, USA) prior to 
sending samples to the London Regional Genomics Center for bioanalyzer assessment, 
cDNA probe generation and microarray hybridization. Genome-wide arrays (Affymetrix 
EUTOM3s520816F) were used for transcriptional profiling. Hybridizations and 
visualizations were conducted by the London Regional Genomics Center (Robarts 
Research Center, London, ON, Canada). Samples for 3, 6, 12, and 24 hours and control 
(no mite) samples for 0 hours and 24 hours were hybridized for each MT and MT-D lines 
(n=2).
2.14 Microarray Analysis
To determine the expression levels of genes, the following procedure was used for 
Affymetrix EUTOM3 exon microarray data analysis.
Affymetrix probes were mapped on to the tomato genome assembly version 2.4 and then 
matched with the iTAG annotation version 2.3 using Bowtie (Langmead, Trapnell, Pop, 
and Salzberg, 2009) and unique probes with at most 3 miss-matches were then 
incorporated into a custom CDF file. Gene level expression data and quality control 
assessment were performed by processing CEL files in R version 2.13.0 using "affy" 
(Gautier, Cope, Bolstad, and Irziarry, 2004) and "affyQCReport" packages. RMA 
algorithm was used with the quantile normalization, PM-only correction and median 
polish summarization parameters (Figure 2-3) (Gautier et ah, 2004).
Figure 2-3 RMA normalization of transcriptome data. Box plot and histogram 
representations of raw cell (A and C) and RMA normalized (B and D) MT and MT-D 
spider mite induced transcriptome response data generated from Affy-EUTOM arrays. 
Normalizations were conducted using R version 2.13.0 using “affy” and “affyQCReport” 






Principal components analysis and generation of relative expression data were 
conducted using the Partek® Genomics Suite™ (Partek Inc., 2008). Fold-change and 
probability values were generated using a multivariate ANOVA employing cultivar, time, 
and treatment as factors, contrasting each cultivar and feeding time combination with 
their corresponding 24 hour control treatment. Gene lists for feeding time and cultivar 
combinations were generated by filtering for genes with an absolute log2 fold-change of 
equal to or greater than 2 and a pFDR <0.01.
To find enriched GO category biological process, gene lists were processed in R 
version 2.13.0 using "topGO" package (Alexa, Rahnenfuhrer, and Lengauer, 2006) and 
Fisher's exact test (Fisher, 1922) by Vladimir Zhurov.
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CH APTER THREE -  RESULTS
Previous studies examining variations in tomato responses to spider mite feeding 
have employed screening platforms which lack control of environmental conditions 
(Ament et al., 2004; Kant et al., 2004; Snyder et al., 2005; Takabayashi et al., 2000; 
Castagnoli and Caccia, 2003; Li et al., 2002). Consequently the direct comparison of 
tomato cultivar performance assayed in different studies has been difficult. In an effort to 
eliminate external sources of variation, growth chambers with controlled humidity, light, 
and temperature conditions were employed in our studies. Since the conditions of the 
controlled environment chambers differed from the conditions of previous studies, a 
platform was developed for examining tomato performance against spider mite feeding 
under these conditions.
3.2 Feeding Period and Number of Mites
To determine the appropriate feeding period length and number of mites to be 
applied for the chamber conditions, the effects of varying feeding times and mite 
numbers upon the visible tomato leaf damage were examined.
Results indicated that the length of the feeding period had no significant effect on 
the total amount of visible damage inflicted by spider mites upon leaves (Figure 3-1 A, 
Appendix 2). Furthermore, regardless of the length of feeding period the number of 
mites applied had the greatest influence on the amount of damage caused upon the leaf. 
In every case, the greatest amount of damage was inflicted by 150 mite treatments 
(ranging from 145.01 ± 24.98 mm2 to 172.26 ± 23.54 mm2). The total area of damage 
increased with the number of mites applied (Figure 3-1 A) When treatments were
Figure 3-1 Determination of feeding period and mite number and distribution for 
the tomato-spider mite screening platform. Tomato treated to varying mite 
numbers, feeding periods, and distribution of placement to determine the optimal 
mite number, feeding period, and distribution for an environmental chamber-based 
screening platform. A. Effect of feeding period and mite numbers on total area of 
necrotic spot formation visible on leaf surfaces (n=9). 50 mites (blue); 100 mites (red); 
and 150 mite (green) treatments were used. B. Area of damage inflicted by a dispersed 
mite distribution (n=9). Uppercase lettering denotes statistically significant differences 
between treatment groups (Tukey test, p<0.05). Lower case letter denotes significant 



























































examined by number of mites applied without taking into account the length of the 
feeding period, there was a significant difference between the visible damage garnered 
from 50, 100, and 150 mite treatments (Appendix 2). However no statistically significant 
affects of feeding period length on the area of damage caused was found, as a result the 
shortest feeding period tested (5 days) was selected for use in our platform (Figure 3-3).
Further analysis of total areas of damage inflicted by the mite treatment groups 
exposed to 5 days of feeding only showed no significant differences between the total 
areas of damage inflicted by 100 mites and 150 mite treatments. However, there was a 
statistically significant difference between the area of damage caused by 50 and 100 mite 
treatments for a 5 day feeding period. Given that 100 mite treatments resulted in a larger 
area of damage than 50 mite treatments, 100 mite treatments were ultimately chosen for 
use in our screening platform.
3.3 Mite Distribution
To determine whether the distribution of mites influenced total area of leaf 
damage sustained by a plant, an alternative distribution of mite placement was tested. 
Instead of mites only being placed on the terminal leaflets of infested plants, mites were 
transferred to the three most distal leaflets of each plant.
The arrangement of mites during treatment experiments had a large influence on 
the total area of damage inflicted by the mites (Figure 3-IB). The area of damage 
inflicted increased with increasing numbers of mites (Figure 3-IB), however when 
compared to the damage caused by the same number of mites placed on a single leaflet, 
the defused mite treatments resulted in significantly less leaf damage (Figure 3-1A and
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Figure 3-1B). Placing 50 mites on the three terminal leaflets caused 42.27 ± 2.56 mm2 of 
damage, however placement of 150 mites on the terminal leaflet only resulted in a 
damaged area of 123.51 ± 20.44 mm2. Despite having similar numbers of mites higher 
mite densities inflicted almost three times the total damage of the more diffuse mite 
placement. To maximize the amount of damage exhibited by plants in our screening 
platform on a terminal-leaflet mite placement distribution was adopted for the final 
protocol (Figure3-3).
3.4 Damage Quantification
A manual method of quantification was used for quantifying the damage caused 
by spider mite feeding during the optimization experiments. However manual 
quantification methods are not efficient for quantifying the damage of large sample 
numbers. To address this at first a scale-base scoring method was adapted from Nihoul et 
al., (1991). The results of this scoring system whilst reproducible were reproducible 
(Appendix 1). In an effort to find a scoring method that would provide the reproducible 
quantitative type of data garnered from the manual screening method, an automated 
Photoshop scoring method adapted from Kant et al. (2004) was tested.
To assess the accuracy of the automated quantification method, damage results 
obtained were compared to those acquired from the same images manually. The 
damaged leaf areas measured using the automated quantification methods were similar to 
those acquired manually from the same images (Figure 3-2, Appendix 5). No significant 
differences were found between data acquired using the manual and automated 
quantification methods (Figure 3-2). However there were notable but not significant
Figure 3-2Comparison of manual and automated quantification methods. To 
examine the accuracy of automated measurement of necrotic spot area, total areas 
measured by manual and automated methods were compared. Areas of damage 
measured from a single set of scanned leaf images using manual (blue) and automated 
quantification methods -1200 dpi (red) and 200 dpi (green). Upper case lettering 
indicates statistically significant differences between groups (Tukey test, p>0.05). Error 


















differences in the measurements recorded using the two different quantification methods 
for the control (no mite) treatments.
To determine if image resolution affects the results of automated damage 
quantification, damaged areas measured from scans taken at two different resolutions 
(200 dpi and 1200 dpi) were compared. No significant difference (p>0.05, Tukey test) 
was observed between the damaged area values measured at 200 dpi and 1200 dpi for 
treatment scans analyzed (Figure 3-2, Appendix 6). However although no significant 
differences were found, the areas of damage quantified using 1200 dpi images of the 150 
mite treatments were much lower than those measured from 200 dpi images which were 
closer to the manually acquired values (Figure 3-2). Hence, it appears that automated 
damage quantification using 200 dpi images are more accurate than using 1200 dpi 
images. While it appears that image resolution has little effect on the areas of damage 
quantified using the automated method from 50 and 100 mite treatments, there may be 
some effect where quantification from lower resolution images is more accurate for 150 
mite treatments.
3.5 Screening Platform Protocol
The results of the feeding period, mite number, distribution, and quantification 
experiments were used as a basis for the design of the final tomato-spider mite screening 
platform detailed below (Figure 3-3): Two-leaf stage tomato plants are infested with 100 
mites on the terminal leaflet of the second emerged leaf. These tomato plants are then 
placed onto petri plate bottoms inside trays filled with water to prevent mite s from 
escaping. The spider mites are then allowed to feed for a 5day period, after which the 
infested leaves are cut from the tomato plant and scanned at 200 dpi. The total area of
Figure 3-3 Schematic of final tomato-spider mite interaction screening platform.
Two-leaf tomato plants are infested with 100 mites on the terminal leaflet of the second 
emerged leaf. After 5 days of feeding, the infested leaf is removed from each plant and 


























spider mite damage upon each leaf is then quantified using the automated quantification 
method.
3.6 Tomato Cultivar Screen
To determine the variation of responses to spider mite feeding amongst tomato 
cultivars, a total of 28 varieties were exposed to spider mite feeding. Necrotic spot 
formation on the leaves of tomato plants has been shown to be one of the major 
symptoms of spider mite feeding (Thomas and Locke, 2009). Therefore the total area of 
necrotic spot formation on a leaf was taken to be reflective of a cultivar’s response to 
spider mites feeding. It has been previously shown that biotic and abiotic stressors share 
many of the same downstream transcriptional responses (Holopainen and Gershenzon, 
2010; Walley et al., 2007). Consequently tomato cultivars were selected to be screened 
were skewed to increase the number of biotic and abiotic stress resistant lines. Cultivars 
selected for our screen included 13 cultivars reported to be resistant to biotic and abiotic 
stress, and a S. habrochaites accession widely reported to be resistant to all arthropod 
attack. The total area of necrotic spot formation varied between cultivars, ranging from 
14.49 ± 3.42 mm2 for MicroTom (MT), the most resistant cultivar, to 338.88 ± 6.25 mm2 
for the most susceptible cultivar Apmotabmore (Figure 3-4A). Surprisingly the results 
indicated that the herbivore resistant S. habrochaites accession LA 1777 (Momotaz, Scott, 
and Schuster, 2005; Vidavsky and Czosnek, 1998), was more sensitive to spider mite 
feeding compared to MT.
As spider mite application to tomato leaves is laborious, subsequent rounds of 
screening were conducted using a only the 4 most resistant and 4 most susceptible 
cultivars identified in the first round screen. The results of subsequent screening were
Figure 3-4 Tomato Cultivar Screen. Twenty-eight tomato cultivars were infested with 
100 spider mites per plant and the total areas necrotic spot formation taken to be 
reflective of cultivar performance against spider mite feeding. A. Areas of necrotic spot 
formation inflicted by spider mite feeding on 28 tomato cultivars, (n=3). B. Areas of 
necrotic spot formation inflicted by spider mite feeding on the 4 most resistant and 4 
most susceptible cultivars (n=6) identified in the first round of accession screen. Error
bars denote standard error.
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similar, with MT and Apmotabomor being the most resistant and susceptible cultivars 
respectively (Figure 3-4B). The total area of necrotic spot formation on the 8 cultivars 
tested in the second round screen ranged from 23.31 ± 5.57 mm2 to 328.41 ± 8.0 mm2.
3.7 MicroTom Near-Isogenic Line Screen
MT was the most spider mite-resistant cultivar assayed in our screens. MT 
possess several distinct mutations, amongst them are dwarf (d) a brassinosteroid 
biosynthesis mutation responsible for this cultivar's small stature, self-pruning (sp) 
resulting in determinate growth habit, and uniform ripening (u) which causes the absence 
of green shoulders in the fruits. Given that a decrease in BR biosynthesis has been shown 
to increase the formation of anti-herbivory traits in tomato, it is possible the basis of MT 
resistance stems from decreased BR biosynthesis. Since a decrease in BR leads to 
increased resistance it is possible that an increase in BR could lead to susceptibility. To 
test this hypothesis three MT near-isogenic lines (NILs), including one with increased 
BR-biosynthesis, were tested to determine if the differing genes had any influence on MT 
performance against spider mite feeding.
The NILs tested were MT-D harbouring normal brassinosteroid levels which are 
elevated in comparison to BR-biosynthesis deficient MT, MT-Sp with a restored 
indeterminate growth habit, and MT-U with green-shoulder fruits (Calvaho et al., 
Unpublished data) (Figure 3-5). There was no statistically significant difference between 
the total areas of necrotic spot formation on MT, MT-U, and MT-SP (Figure 3-6, 
Appendix 10 and 11). However, the MT-D NIL had a damaged leaf area of 10.13 ± 2.73 













Figure 3-5 MicroTom near isogenic lines. A. Two-leaf MT and its near isogenic lines 
in which the wild-type function is restored in following genes: Dwarf (MT-D), Self- 
pruning (MT-SP), and Uniform ripening (MT-U). B. A comparison of Beefsteak, MT, 
and MT-D two-leaf stage seedlings. Beefsteak is a normal sized tomato cultivar, MT is a 
dwarf tomato cultivar, and MT-D is a line with brassinosteroid biosynthesis restored in a 
MT background. Restoration of brassinosteroid biosynthesis in MT results in an increase 
in plant stature. C. Comparison of Beefsteak, MT, and MT-D leaf size. Scale bars denote
lcm.
51
Figure 3-6 Areas of leaf damage inflicted by spider mite feeding on MicroTom near 
isogenic lines. A. Areas of necrotic spot formation caused by spider mite feeding on 
two-leaf stage tomato seedlings. B. Leaf scans of spider mite damage inflicted upon MT 
and NILs MT-D, MT-U and MT-SP. Error bars denote the standard error (n=9). 
Asterisk (*) denotes a statistically significant difference from MT damage (unpaired t-
test, p>0.05).
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Appendix 9). The results of analysis of MT and its NILs support the hypothesis 
that an increase in BR may have a negative influence on plant defences against herbivory. 
Furthermore our data is consistent with the possibility that decreased levels of BR 
biosynthesis may be the basis of MT resistance to spider mite herbivory.
3.8 Analysis of Hormone Concentrations
Brassinosteroids have been shown to negatively interact with the formation and 
activation of JA anti-herbivory traits (Rossi et al., 2009). However, the mechanism by 
which this negative interaction occurs is not known. Since changes in phytohormones 
levels are found in response to biotic and abiotic stress responses, it is possible that the 
changes in JA levels may be the mechanism behind this interaction. Given that SA and 
JA act antagonistically in some contexts, if BR- JA interactions occur at the hormone 
level, SA levels may also be affected. To examine this hypothesis, the levels of SA and 
JA in MT and MT-D were measured. Salicylic levels increased upon spider mite feeding 
followed a similar pattern in both MT and MT-D (Figure 3-7A). The levels of SA in both 
lines increased after 3 hours of spider mite feeding, indicating that changes in SA 
biosynthesis or metabolism were induced at approximately the same time in both lines. 
While SA levels were similar in both lines, JA levels generated in between MT and MT- 
D. Endogenous JA levels of MT-D in the absence of spider mite feeding were more than 
two-fold greater than those of MT (Figure 3-7B). However the JA levels of MT-D do 
were not significantly alter in response to spider mite feeding (Figure 3-7B). In contrast, 
despite possessing lower endogenous JA concentrations than MT-D plants, JA levels of 
MT plants were increased upon spider mite feeding. JA levels increased in MT plants 
after 3 hours of spider mite feeding. MicroTom JA concentrations peak at
Figure 3-7 Salicylic and Jasmonic acid levels of MT and MT-D plants. Levels of the 
phytohormones salicylic acid(A) and jasmonic acid (B) measured from tissues generated 
from the spider mite feeding experiments in MT (blue line) and MT-D (red dashed-line) 





109.02 ± 9.43ng/g FW after 12 hours of feeding and drop back to basal (pre-herbivory) 
levels after 24 hours of spider mite attack (Figure 3-7B) The basis of MT resistance 
compared to MT-D may be attributed to a different JA levels. It appears that in MT-D 
the increase of JA levels is inhibited compared to MT. Given that MT-D is a NIL of MT 
differing only in BR biosynthesis, these results support the hypothesis that that the 
interaction between BR and JA responses occurs at the hormone level.
3.9 Trichome Analysis
The density of certain trichome types is a JA-associated constitutive anti- 
herbivory trait (Li et al., 2004). As MT and MT-D have different responses to spider 
mite feeding as well as differential regulation of JA levels, it is possible that these two 
lines will exhibit differences in the densities of glandular trichomes. Increased densities 
of glandular trichomes increase resistance to herbivory (Mallik et al., 2007; Kang et al., 
2010; Kennedy, 2003; Castagnoli and Caccia, 2003; Li et al., 2002). Since that MT is 
more resistant to spider mite feeding than MT-D, it is possible that this difference in 
susceptibility may be attributed to differences in trichome density. If this is the case, a 
greater density of trichomes would be observed on MT plants compared to MT-D.
To confirm the hypothesis that MT plants possess a higher density of glandular 
trichomes than MT-D plants, the trichome density and morphology (Figure 1-3) of MT 
and MT-D leaflets were examined. No statistically significant differences between the 
densities of type I, IV, V, and VII trichomes were found between MT and MT-D leaves 
(Figure 3-8A). However MT-D plants had significantly more Type VI trichomes than 
their MT counter parts (Figure 3-8A).
Figure 3-8 Density of trichome types on MT and MT-D leaf surfaces. A. Trichome 
density of MT (blue) and MT-D (red). SEM images of MT (B) and MT-D (C) adaxial 
leaf surfaces shown in this figure. Asterisk (*) denotes a statistically significant 












Since the trichome distributions observed between MT and MT-D do not explain 
the differences in spider mite susceptibility between these two lines, it is possible that 
differing transcriptional responses underlie increased resistance of MT. To examine the 
transcriptome responses of MT and MT-D to spider mite feeding, genome-wide 
transcriptome profiling was conducted on MT and MT-D plants after 3, 6, 12, and 24 
hours of spider mite feeding.
PC A analysis of MT and MT-D transcriptome responses revealed that both lines 
initiate responses to spider mite feeding (Figure 3-9) evident by the separate grouping of 
mite treatment and control groups. However, MT responses to mite feeding are dynamic 
in nature, where as MT-D responses at all time points group together on our PCA plot,
“ I
indicating that MT-D responses to mite feeding are relatively static in nature.
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3.11 Expression of Jasmonic Acid Regulated Genes
As JA levels in MT were elevated after spider mite feeding, the expression
j
patterns of JA regulated genes were examined (Figure 3-10). Despite differences in JA 
levels in MT and MT-D lines, JA biosynthetic genes exhibit similar expression levels and 
patterns over time in these two lines. For example, the JA biosynthesis genes allene 
oxide cylase (AOC) and S-Adenosyl-L-methionin synthase 2 (SAM2) expression levels 
peak and taper off to the similar levels of expression after 24 hours of spider mite feeding 
in both MT and MT-D (Figure 3-11). Expression patterns of the JA biosynthesis 
gene/response gene 13-lipogenase {LOXD) were also similar between MT and MT-D 
with LOXD expression peaking at 3 hours and decreasing thereafter in both lines (Figure
3-11).
Figure 3-9 Principle component analysis plot of MT and MT-D whole genome 
transcriptome responses to spider mite feeding. Ellipsoids denote cultivar and 
treatment groupings: MT mite treatments (yellow), MT-D mite treatments (green); 
control treatments for MT (pink) and MT-D (blue). Orb colors denote feeding period 
red: 0 hour; blue: 3 hour; green: 6 hour; purple: 12 hour; orange: 24 hour. Transcriptome 







Figure 3-10 Jasmonic Acid biosynthesis and response. Jasmonic acid is synthesized 
from the a-phophatidylcholine via the conversion of linolenate to 12-oxo-cis-10,15- 
phytodienoate (OPDA) by LOX, AOS, and AOC. OPDA is then converted to jasmonate 
which is then converted either to JA-Ile (the active form of JA) or methyl-JA by SAM2 





































Figure 3-11 Expression of jasmonic acid marker genes induced by spider mite 
feeding. Relative expression levels of JA biosynthesis (LOXD, AOS2, AOC, and SAM2) 
and response genes (MC) in response to spider mite feeding relative to non-infested 
plants as determined by microarray. Relative expression (n=2) is shown in logarithmic 


























Two of the JA response genes examined had different expression patterns in MT 
and MT-D lines. Allene oxide synthase 2 (A OS2) was up-regulated upon mite feeding in 
MT but down-regulated at all time points in MT-D, however the levels of induction and 
down-regulation were not significant ((Figure 3-11). The expression of multicystatin 
(MC) a JA induced a cystine protease inhibitor, was different between MT and MT-D. 
Expression of MC peaked at 200-fold after 12 hours of mite feeding in MT, were as in 
MT-D, expression peaked after 6 hours of feeding at around 50-fold (Figure 3-11). 
Unlike MC expression in MT, MT-D expression levels began to drop after 6 hours of 
feeding. Expression of MC in MT and MT-D dropped to similar levels, 25-fold and 22- 
fold induction respectively, after 24 hours of mite feeding.
3.12 Gene Ontology Analysis
Transcriptional responses controlled by BR in stress response contexts are 
difficult to study due to the high degree of crosstalk between BR and other stress 
hormones (Hardtke, 2007). To examine transcriptional responses to biotic stress that are 
affected by BR levels and to identify programs that may confer spider mite resistance to 
MT, gene ontology (GO) analysis was conducted on MT and MT-D spider mite induced 
genes. Genes induced in both MT and MT-D were enriched for genes involved in 
pentose-phosphate shunting, as well as organic acid, amine, and amino acid catabolic 
processes after 3 hours of spider mite feeding (Figure 3-12, Table 3-1). This suggests 
that changes in sugar metabolism and breakdown of endogenous proteins occur in both 
lines after 3 hours of feeding. An enrichment for wound response genes is also present at 
all time points in the common data set for both lines. However when GO
Figure 3-12 GO Categories of S. lycopersicum genes differentially expressed in both 
MT and MT-D in response to spider mite feeding
After 3 hours (A) 6 hours (B), 12 hours (C), and 24 hours (D) of spider mite feeding 
(n ^ ). Gene relative expression data generated using Affy-EUTOM array, nomoralized 
using Bioconductor, and relative fold changes generated using two way GO categories 
generated from gene lists producted from contrasting freeding period treatment data with 
24 hr control data using a Multivariate ANOVA and filtered for fold changes >2 with 
pFDR<0.01 in the Partek Genomics Suite. Percentages relate to total number of genes 
identified in our experiment relative to genes annotated to an ontology category. Only the 
top 10 enriched GO categories are shown.
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GO Categorization of common genes induced by spider mite feeding in MT and MT-D
Feeding period
Term GO.ID Annotated1 Significant2 Expected3 classic Fisher4 (Hours)
polysaccharide catabolic process G0:0000272 15 2 0.25 0.02531 24
fructose metabolic process G0:0006000 / 1 1 0.02 0.01772 12
aminoglycan catabolic process GO:0006026 14 2 0.23 0.02218 24
chitin metabolic process G0:0006030 14 2 0.23 0.02218 24
chitin catabolic process G0:0006032 14 2 0.23 0.02218 24
generation of precursor metabolites and ... G0:0006091 212 11 3.55 0.00085 24
transcription initiation, DNA-dependent G0:0006352 22 5 1 0.0027 6
cellular amino acid metabolic process G0:0006520 203 23 12.24 0.00255 3
cellular biogenic amine metabolic procès... G0:0006576 13 4 0.59 0.0022 6
polyamine metabolic process GO: 0006595 5 2 0.09 0.00301 12
polyamine biosynthetic process G0:0006596 5 2 0.09 0.00301 12
cellular aromatic compound metabolic pro... G0:0006725 70 13 4.22 0.00024 3
response to stress G0:0006950 569 16 9.52 0.02865 24
steroid metabolic process G0:0008202 10 3 0.46 0.0089 6
spermidine metabolic process G0:0008216 3 2 0.14 0.006, 0.00093 6, 12
spermidine biosynthetic process G0:0008295 3 2 0.14 0.006, 0.00093 6, 12
pentose-phosphate shunt, non-oxidative b... G0:0009052 6 3 0.36 0.0038 3
cellular amino acid catabolic process G0:0009063 23 7 1.39 0.00029 3
aromatic amino acid family metabolic pro... G0:0009072 30 7 1.81 0.00168, 0.01563 3, 12





response to wounding GO:0009611 21 6 1.27 0.00000000002 3,6, 12, 24
response to endogenous stimulus G0:0009719 22 5 1 0.0027 6
response to hormone stimulus G0:0009725 22 5 1 0.0027 6
photosynthesis, light harvesting G0:0009765 34 11 0.57 4.20E-12 24
response to organic substance GO:0010033 22 5 1 0.0027 6
photosynthesis GO:0015979 148 12 2.48 6.60E-06 24
organic acid catabolic process GO:0016054 23 7 1.39 0.00029 3
photosynthesis, light reaction GO:0019684 76 11 1.27 4.60E-08 24
cellular biogenic amine biosynthetic pro... G0:0042401 8 2 0.14 0.00815 12
jthanolamine-containing compound metabol... G0:0042439 4 2 0.18 0.0117 6
cellular amine metabolic process G0:0044106 213 23 12.84 0.00468 3
cell redox homeostasis G0:0045454 122 6 2.16 0.02122 12
carboxylic acid catabolic process G0:0046395 23 7 1.39 0.00029 3
regulation of biological quality G0:0065008 155 7 2.75 0.02025 12
NOTE:
1 number of genes annotated to this GO term in the gene list for a particular feeding period
2 number of genes belonging to a GO term required for statistical signicance with respect to enrichment.
3 number of genes belonging to the GO term expected to be found within the specific gene set.
4 significance value according to classic Fisher statistical modeling
72
analysis was conducted MT and MT-D gene sets separately, MT gene sets were not 
enriched for wounding genes before 6 hours of mite feeding (Figure 3-13, Table 3-2).
After 6 hours of mite feeding, an enrichment for genes responsible for organic 
substance and hormone stimulus responses can be seen in genes expressed in both lines 
(Figure 3-12, Table 3-1), indicating that responses to hormone levels characterise 
response to spider mite feeding. There is also enrichment in genes associated with 
spermidine biosynthetic and metabolic processes between 6 hours and 12 hours of 
feeding (Figure 3-12). The application of polyamines (PA) such as spermidine induce 
the production of plant volatiles known to be produced in response to spider mite feeding 
(Ozawa et al., 2009). Spermidine biosynthesis and metabolic genes are also enriched in 
MT gene sets after 6 hours of mite feeding and remain enriched at the 24 hour feeding 
point (Figure 3-13 B-D, Table 3-2). In contrast spermidine and polyamine biosynthetic 
genes are enriched when GO analysis is conducted on MT-D data sets separately (Figure 
3-14, Table 3-2). Spermidine may function as a chemical signal for spider mite herbivory 
in tomato; the enrichment of spermidine biosynthetic and metabolic genes in our data 
supports this hypothesis.
After 24 hours of mite feeding photosynthetic genes and chitin response genes are 
enriched in the commonly expressed gene set (Figure 3-12, Table 3-1). However when 
MT and MT-D gene sets are considered separately chitin catabolysis and response genes 
are only enriched in MT-D at the 24 hour feeding point (Figure 3-14, Table 3-3).
Examination of the GO categories of genes specifically expressed in MT and MT- 
D only at each time point revealed that the genes induced by spider mite feeding only in
Figure 3-13 GO Categories of all S. lycopersicum genes differentially expressed in 
MT in response to spider mite feeding.
Enriched GO categories of genes expressed in MT after 3 hours (A), 6 hours (B), 12 
hours (C), and 24 hours (D) of spider mite feeding (n=2). Gene relative expression data 
generated using Affy-EUTOM array, nomoralized using Bioconductor, and relative fold 
changes generated using two way GO categories generated from gene lists producted 
from contrasting ffeeding period treatment data with 24 hr control data using a 
Multivariate ANOVA and filtered for fold changes >2 with pFDR<0.01 in the Partek 
Genomics Suite. Percentages relate to total number of genes identified in our experiment 
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m Table 3-2
GO Categorization of all genes induced by spider mite feeding in MT
Term GO.ID
amine catabolic process G0:0009310 
amine metabolic process G0:0009308 
arginine catabolic process G0:0006527 
aromatic amino acid family metabolic pro... G0:0009072 
aromatic amino acid family metabolic pro... G0:0009072 
carboxylic acid catabolic process G0:0046395 
cellular amine metabolic process G0:0044106 
cellular amino acid catabolic process G0:0009063 
cellular amino acid metabolic process G0:0006520 
cellular aromatic compound metabolic pro... G0:0006725 
cellular aromatic compound metabolic pro... G0:0006725 
cellular biogenic amine biosynthetic pro... G0:0042401 
cellular biogenic amine metabolic procès... G0:0006576 
cellular biogenic amine metabolic procès... G0:0006576 
cellular homeostasis G0:0019725 
ethanolamine-containing compound metabol...GO:0042439 
fructose metabolic process G0:0006000 
glutamine family amino acid catabolic pr... G0:0009065 
organic acid catabolic process GO:0016054 
pentose-phosphate shunt, non-oxidative b... G0:0009052 
peptidyl-asparagine modification G0:0018196 
photosynthesis, light harvesting G0:0009765 
photosynthesis, light reaction G0:0019684 







23 7 1.32 0.00021 3
240 25 13.73 0.00265 3
2 1 0.02 0.01577 24
30 7 1.72 0.00124 3
30 3 0.39 0.0068 12
23 7 1.32 0.00021 3
213 23 12.18 0.00245 3
23 7 1.32 0.00021 3
203 23 11.61 0.0013 3
70 13 4 0.00014 3
70 4 0.91 0.0131 12
8 2 0.1 0.0045 12
13 4 0.45 0.00077 6
13 2 0.17 0.012 12
130 11 4.48 0.00518 6
4 2 0.14 0.00678 6
1 1 0.01 0.0131 12
2 1 0.02 0.01577 24
23 7 1.32 0.00021 3
6 3 0.34 0.00327 3
3 1 0.02 0.02357 24
34 3 0.27 0.0024 24
76 3 0.6 0.02222 24
5 2 0.07 0.0017 12
polyamine metabolic process G0:0006595 5 2 0.07 0.0017
response to endogenous stimulus G0:0009719 22 5 0.76 0.00076
response to hormone stimulus G0:0009725 22 5 0.76 0.00076
response to organic substance G0:0010033 22 5 0.76 0.00076
response to stimulus G0:0050896 864 14 6.84 0.00738
response to stress G0:0006950 569 13 4.51 0.00048
response to wounding GO:0009611 21 4 0.72 0.0052
response to wounding G0:0009611 21 9 0.27 2.20E-12
response to wounding GO:0009611 21 8 0.17 2.00E-12
spermidine biosynthetic process G0:0008295 3 2 0.1 0.00347
spermidine biosynthetic process G0:0008295 3 2 0.04 0.0005
spermidine biosynthetic process G0:0008295 3 1 0.02 0.02357
spermidine metabolic process G0:0008216 3 2 0.1 0.00347
spermidine metabolic process G0:0008216 3 2 0.04 0.0005
spermidine metabolic process G0:0008216 3 1 0.02 0.02357
transcription initiation, DNA-dependent G0:0006352 22 4 0.76 0.00619
NOTE:
1 number of genes annotated to this GO term in the gene list for a particular feeding perioc
2 number of genes belonging to a GO term required for statistical signicance with respect to enrichment
3 number of genes belonging to the GO term expected to be found within the specific gene set


















GO Categorization of all genes induced by spider mite feeding in MT-D
Feeding
classic period
Term GO.ID Annotated'Significant' Expected3 Fisher4 (Hours)
acyl-CoA metabolic process G0:0006637 3 1 0.03 0.03 12
aminoglycan catabolic process G0:0006026 14 2 0.2 0.016 24
arginine catabolic process G0:0006527 2 1 0.03 0.0303 3
biological regulationG0:0065007 1918 27 19.36 0.039 12
chitin catabolic process G0:0006032 14 2 0.2 0.016 24
chitin metabolic process G0:0006030 14 2 0.2 0.016 24
fructose metabolic process G0:0006000 1 1 0.02 0.0152 3
fructose metabolic process G0:0006000 1 1 0.02 0.0249 6
generation of precursor metabolites and ...G0:0006091 212 9 2.98 0.003 24
glutamine family amino acid catabolic pr...GO:0009065 2 1 0.03 0.0303 3
NADP metabolic process G0:0006739 12 2 0.3 0.0347 6
NADPH regeneration G0:0006740 12 2 0.3 0.0347 6
pentose-phosphate shunt G0:0006098 12 2 0.3 0.0347 6
photosynthesis G0:0015979 148 10 2.08 0.000043 24
photosynthesis, light harvesting GO: 0009765 34 9 0.48 6.5E-10 24
photosynthesis, light reactionG0:0019684 76 9 1.07 0.0000011 24
polysaccharide catabolic process G0:0000272 15 2 0.21 0.0183 24
regulation of biological process G0:0050789 1894 27 19.12 0.034 12
regulation of biosynthetic processGO:0009889 1429 21 14.43 0.046 12
regulation of cellular process G0:0050794 1762 36 26.86 0.0356 3
regulation of macromolecule biosynthetic...G0:0010556 1429 21 14.43 0.046 12
regulation of metabolic process GO:0019222 1610 24 16.25 0.029 12
regulation of nitrogen compound metaboli...GO:0051171 1463 31 22.3 0.0332 3
I
regulation of nucleobase, nucleoside, nu...GO:0019219 1463 31 22.3 0.0332 3
regulation of transcription G0:0045449 1420 30 21.64 0.0374 3
regulation of transcription G0:0045449 1420 21 14.33 0.044 12
response to desiccation G0:0009269 5 2 0.12 0.0059 6
response to stress GO:0006950 569 12 5.74 0.012 12
response to stress G0:0006950 569 16 8 0.0061 24
response to water GO:0009415 11 2 0.27 0.0294 6
response to water deprivation GO:0009414 5 2 0.12 0.0059 6
response to wounding GO:0009611 21 6 0.32 5.10E-07 3
response to wounding GO:0009611 21 9 0.52 7.30E-10 6
response to wounding GO:0009611 21 9 0.21 2.00E-13 12
response to wounding GO:0009611 21 9 0.3 4.2E-12 24
steroid metabolic process G0:0008202 10 2 0.15 0.0096 3
steroid metabolic process G0:0008202 10 2 0.25 0.0244 6
sterol metabolic process G0:0016125 1 1 0.02 0.0152 3
sterol metabolic process G0:0016125 1 1 0.02 0.0249 6
thioester metabolic processG0:0035383 3 1 0.03 0.03 12
NOTE:
1 number of genes annotated to this GO term in the gene list for a particular feeding perioc
2 number of genes belonging to a GO term required for statistical signicance with respect to enrichment
3 number of genes belonging to the GO term expected to be found within the specific gene set
4 significance value according to classic Fisher statistical modeling
Figure 3-14 GO Categories of all S. lycopersicum genes differentially expressed in 
MT-D in response to spider mite feeding.
Enriched GO categories of genes expressed in MT-D after 3 hours (A), 6 hours (B), 12 
hours (C), and 24 hours (D) of spider mite feeding (n=2). Gene relative expression data 
generated using Affy-EUTOM array, nomoralized using Bioconductor, and relative fold 
changes generated using two way GO categories generated from gene lists producted 
from contrasting freeding period treatment data with 24 hr control data using a 
Multivariate ANOVA and filtered for fold changes >2 with pFDR<0.01 in the Partek 
Genomics Suite. Percentages relate to total number of genes identified in our experiment 
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Table 3-4
GO Categorization of all genes induced by spider mite feeding in MT
Term GO.ID Annotated1
amine biosynthetic process G0:0009309 78
amine catabolic process G0:0009310 23
amine metabolic process G0:0009308 240
amine metabolic process G0:0009308 240
anion transport G0:0006820 38
aromatic amino acid family metabolic pro... G0:0009072 30
carboxylic acid catabolic process G0:0046395 23
carboxylic acid metabolic process G0:0019752 257
cellular amine metabolic process GO:0044106 213
cellular amine metabolic process GO:0044106 213
cellular amino acid catabolic process G0:0009063 23
cellular amino acid metabolic process G0:0006520 203
cellular aromatic compound metabolic pro... G0:0006725 70
cellular aromatic compound metabolic pro... G0:0006725 70
cellular biogenic amine biosynthetic pro... GO:0042401 8
cellular biogenic amine metabolic procès... G0:0006576 13
cellular biogenic amine metabolic procès... G0:0006576 13
establishment of localization G0:0051234 1128
ethanolamine-containing compound metabol... GO:0042439 4
fructose metabolic process G0:0006000 1
lipid localization G0:0010876 91
lipid transport G0:0006869 91
localization GO:0051179 1144







4 0.85 0.01023 12
6 1.04 0.00042 3
20 10.81 0.00588 3
11 4.96 0.0112 6
4 0.79 0.0076 6
3 0.33 0.00412 12
6 1.04 0.00042 3
21 11.57 0.00604 3
19 9.59 0.00345 3
10 4.41 0.0131 6
6 1.04 0.00042 3
19 9.14 0.00201 3
11 3.15 0.00027 3
4 0.76 0.00703 12
2 0.09 0.00315 12
3 0.27 0.0021 6
2 0.14 0.00847 12
1 0.22 0.211 24
2 0.08 0.0025 6
1 0.01 0.01089 12
1 0.02 0.018 24
1 0.02 0.018 24
1 0.23 0.214 24
1 0.05 0.053 24
macromolecule metabolic process G0:0043170 4641 1 0.92 0.708
organic acid catabolic process G0:0016054 23 6 1.04 0.00042
organic substance transport GO: 0071702 104 1 0.02 0.02
pentose-phosphate shunt, non-oxidative b... G0:0009052 6 3 0.27 0.00164
phosphatidylcholine metabolic process G0:0046470 4 2 0.08 0.0025
polyamine biosynthetic process G0:0006596 5 2 0.05 0.00115
polyamine metabolic process G0:0006595 5 2 0.05 0.00115
protein metabolic process G0:0019538 2564 1 0.51 0.443
proteolysis G0:0006508 660 1 0.13 0.126
response to endogenous stimulus GO:0009719 22 5 0.46 7.10E-05
response to hormone stimulus G0:0009725 22 5 0.46 7.10E-05
response to organic substance G0:0010033 22 5 0.46 7.10E-05
spermidine biosynthetic process G0:0008295 3 2 0.03 0.00035
spermidine metabolic process G0:0008216 3 2 0.03 0.00035
transcription initiation, DNA-dependent G0:0006352 22 3 0.46 0.0101
transport G0:0006810 1128 1 0.22 0.211
NOTE:
1 number of genes annotated to this GO term in the gene list for a particular feeding period
2 number of genes belonging to a GO term required for statistical signicance with respect to enrichment.
3 number of genes belonging to the GO term expected to be found within the specific gene set.



















GO Categorization of all genes induced by spider mite feeding in MT-D
Term GO.ID Annotated1
sterol metabolic process G0:0016125 1
regulation of nucleobase, nucleoside, nu... G0:00192l9 1463
regulation of nitrogen compound metaboli...GO:0051171 1463
regulation of cellular metabolic process GO:0031323 1494
regulation of cellular process G0:0050794 1762
regulation of primary metabolic process G0:0080090 1537
regulation of metabolic process GO:0019222 1610
regulation of biological process G0:0050789 1894
biological regulation G0:0065007 1918
regulation of transcription G0:0045449 1420
isoprenoid metabolic process G0:0006720 36
isoprenoid biosynthetic process G0:0008299 36
sterol metabolic process G0:0016125 1
carbon utilization GO:0015976 4
photosynthesis, light harvesting G0:0009765 34
cellular lipid metabolic process G0:0044255 154
RNA 3'-end processing GO:0031123 6
RNA polyadenylation G0:0043631 6
protein phosphorylation G0:0006468 1039
lipid metabolic process G0:0006629 403
protein phosphorylation G0:0006468 1039
phosphorylation GO :0016310 1112
phosphorus metabolic process G0:0006793 1165







1 0 0.0031 3
10 4.49 0.0096 3
10 4.49 0.0096 3
10 4.58 0.0111 3
11 5.41 0.0123 3
10 4.72 0.0135 3
10 4.94 0.0184 3
11 5.81 0.0208 3
11 5.88 0.0227 3
9 4.36 0.0231 3
3 0.31 0.0035 6
3 0.31 0.0035 6
1 0.01 0.0085 6
1 0.03 0.0336 6
2 0.29 0.0337 6
4 1.31 0.0421 6
1 0.05 0.05 6
1 0.05 0.05 6
14 8.84 0.0551 6
7 3.43 0.0554 6
1 0.31 0.28 12
1 0.33 0.3 12
1 0.35 0.31 12
1 0.35 0.31 12
oo protein modification process GO:0006464 1227 1 0.36 0.32
macromolecule modification GO :0043412 1268 1 0.38 0.33
cellular macromolecule metabolic processG0:0044260 4023 2 1.19 0.35
transcription GO:0006350 1522 1 0.45 0.39
macromolecule metabolic process G0:0043170 4641 2 1.38 0.44
cellular protein metabolic process G0:0044267 1984 1 0.59 0.48
aminoglycan catabolic process GO:0006026 14 1 0.02 0.017
chitin metabolic process GO:0006030 14 1 0.02 0.017
chitin catabolic process G0:0006032 14 1 0.02 0.017
polysaccharide catabolic process G0:0000272 15 1 0.02 0.018
terpenoid metabolic process G0:0006721 15 1 0.02 0.018
terpenoid biosynthetic process GO:0016114 15 1 0.02 0.018
secondary metabolic process GO:0019748 18 1 0.02 0.021
aminoglycan metabolic process G0:0006022 19 1 0.02 0.022
response to wounding G0:0009611 21 1 0.02 0.025
cell wall macromolecule catabolic procès... G0:0016998 30 1 0.04 0.035
NOTE:
1 number of genes annotated to this GO term in the gene list for a particular feeding period
2 number of genes belonging to a GO term required for statistical signicance with respect to enrichment.
3 number of genes belonging to the GO term expected to be found within the specific gene set.


















MT were enriched in more GO categories than those induced only in MT-D (Figure 3-15, 
Figure 3-16, Table 3-3). It is worth noting that whilst spermidine biosynthesis and 
metabolism genes were not enriched in any of the MT-D gene sets, MT specific gene sets 
were enriched for sperimidine biosynthesis and metabolism genes from 6 hours of 
feeding onwards (Figure 3-15B-D). Furthermore polyamine associated biosynthesis, 
metabolism, and catabolism genes are enriched in MT all gene data sets at all-time points 
(Figure 3-13, Table 3-2) whereas GO categories enriched for MT-D were mostly related 
to sugar metabolism/catabolism, and sterol metabolism (Figure 3-14, Table 3-2). 
Interestingly MT-D all gene data sets were enriched for drought response genes after 6 
hours of mite feeding (Figure 3-14, Table 3-2). In contrast, MT 6 hour all gene data sets 
were not enriched for water/drought response genes (Figure 3-13B) despite being kept in 
the same tray as their MT-D counterparts. These differing enrichment results suggest that 
spider mite feeding induces a drought response specific to MT-D.
Enriched GO categories of genes expressed only in MT gene sets after 3 hours (A), 6 
hours (B), 12 hours (C), and 24 hours (D) of spider mite feeding(n=2). Gene relative 
expression data generated using Afiy-EUTOM array, nomoralized using Bioconductor, 
and relative fold changes generated using two way GO categories generated from gene 
lists producted from contrasting freeding period treatment data with 24 hr control data 
using a Multivariate ANOVA and filtered for fold changes >2 with pFDR<0.01 in the 
Partek Genomics Suite. Percentages relate to total number of genes identified in our 
experiment relative to genes annotated to an ontology category. Only the top 10 enriched 
GO categories are shown.
Figure 3-15 GO Categories of all S. lycopersicum genes differentially expressed only
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Enriched GO categories of genes expressed only in MT-D gene sets after 3 hours (A), 6 
hours (B), 12 hours (C), and 24 hours (D) of spider mite feeding (n=2). Gene relative 
expression data generated using Affy-EUTOM array, nomoralized using Bioconductor, 
and relative fold changes generated using two way GO categories generated from gene 
lists producted from contrasting freeding period treatment data with 24 hr control data 
using a Multivariate ANOVA and filtered for fold changes >2 with pFDR<0.01 in the 
Partek Genomics Suite. Percentages relate to total number of genes identified in our 
experiment relative to genes annotated to an ontology category. Only the top 10 enriched 
GO categories are shown.
Figure 3-16 GO Categories of all S. lycopersicum genes differentially expressed only
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CH APTER FO UR -  DISCUSSIO N
The reproducibility of whole plant tomato-spider mite interaction studies to date 
has been variable at best (Snyder et a l, 2005; Castagnoli and Caccia, 2003; Guo et al, 
1993). Prior to this study, no screening of tomato responses to spider mite feeding was 
conducted with stringently controlled environmental conditions (Castagnoli and Caccia, 
2003; Takabayashi et a l, 2000; Ament et a l, 2010; Kant et a l, 2004; Snyder et al, 
2005). A lack of standardized screening conditions has contributed to the variability of 
responses reported for identical tomato cultivars. These studies have established a 
platform (chapter 3.5) for examining tomato spider mite interactions that employs 
environmental chambers to generate controlled conditions that can be easily replicated. 
This platform is capable of generating reproducible results for tomato responses to spider 
mite feeding (chapter 3.6, Figure 3-4). A platform that produces consistent tomato 
response results will enable detailed studies of the molecular mechanism responsible for 
these responses without the influence of varying environmental conditions. However, the 
damage responses of the tomato cultivars reported here may not translate directly to 
resistance or susceptibility under field or greenhouse conditions. This is because the 
variability of conditions in the field and greenhouse coupled with differences in spider 
mite strain and feeding numbers could alter cultivar responses. Furthermore our 
screening platform does not shed light upon benefits garnered from indirect defence 
responses. The interaction between insect and arthropod herbivores and their predators 
and parasitoids can greatly influence the performance of the herbivore, and ultimately the 
amount of damage inflicted upon a plant (Kennedy, 2003). Nevertheless, this novel
screening platform will be of great use in the characterization of transcriptome and 
biochemical responses important in tomato responses to spider mite feeding.
Using this platform the spider mite induced damage of 28 tomato cultivars were 
compared. Previous studies examining Arabidopsis-spider mite interactions have found a 
spectrum of responses to spider mite feeding amongst different accessions (Grbic et al., 
unpublished data). Not surprisingly, it was found that a spectrum of responses exists 
amongst the tested tomato cultivars (Figure 3-4A). Within the tomato lines screened, MT 
and H I706 were found to be on opposing ends of the spider mite damage response 
spectrum. HI706 -  the tomato cultivar used by the Sol-Genomics consortium to sequence 
the tomato genome -  was found to be highly susceptible to spider mite feeding, where as 
MT was found to be highly resistant to mite feeding. Future research employing these 
important model cultivars to study tomato-spider mite interactions must be undertaken 
carefully. Although likely of limited use in studying the normal responses of tomato 
cultivars to spider mite feeding, HI706 could be potentially used as a background in 
which the identification of spider mite resistance genes can be carried out. Similarly MT 
would not be a suitable background in which to screen for spider mite resistance genes. 
Nevertheless MT could prove to be useful in the identification of genes essential for 
spider mite resistance in tomato via screens for loss-of-function mutations which induce 
susceptibility to spider mite feeding in this cultivar.
Using the mutant collections available for MT, these studies have established that 
BR positively regulates JA levels, as seen in the difference in the endogenous JA levels 
between MT and MT-D (Figure 3-7). Although it has been well documented that BRs 
enhance plant resistance to environmental stressors, the mechanisms behind this
91
92
enhancement have not been well studied (Krishna, 2003; Nakashita et al., 2003; Rossi et 
al., 2009; Yang et al., 2011; Hardtke, 2007). Studies aiming to characterize the role of 
BR in stress responses have been impeded by poor reproducibility of BR efficacy (Hayat 
et al., 2010; Krishna, 2003; Bajguz and Hayat, 2009). Furthermore, BR is thought to 
mediate stress responses through complex crosstalk with other phytohormones, making it 
difficult to tease apart BR responses from those generated by other phytohormones 
(Krishna, 2003). Definitive genetic and biochemical proof of BRs’ ability to modulate 
plant biotic stress responses are required before BRs can be used in agriculture.
Through the examination of damage response, trichomes, and hormonal levels of 
JA and SA in MT and its NIL MT-D, it was found that BRs repress the JA biosynthesis, 
but inhibit the increases in JA levels in response to spider mite feeding. Thus, the effect 
of BR on JA is complex and is context dependent, preventing generalization of their 
interaction. Although MT is more resistant to spider mite feeding than MT-D, 
examination of glandular trichome densities revealed that MT-D has a higher density of 
type VI trichomes than MT (Figure 3-8 A). An increased density of glandular trichomes 
has been correlated with resistance to herbivory in numerous plant species (Snyder et al., 
2005). The differences observed in MT and MT-D trichome distributions do not conform 
to this correlation. MT and MT-D trichome densities may differ due to a disparity in the 
endogenous JA levels of these two lines (Figure 3-7B). MT-D possesses higher 
endogenous levels of JA than MT, and thus, this line may develop a greater trichome 
density than MT plants. This is not unexpected, as previous research has shown that JA 
affects the trichome density in tomato and BR can increase endogenous JA and ET levels 
under normal conditions (Kitanaga et al., 2006; Yi et al., 1999).
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Although BR has been previously shown to negatively interact with the formation 
of anti-herbivory traits associated with JA, the mechanism with which this action 
occurred is unknown (Carvalho et al., 2011). The results of this study are in line with the 
hypothesis that BRs influence the induction of anti-herbivory traits via modulations of JA 
levels. However, BR seems to increase endogenous JA levels (Figure 3-7B) in a MT-D 
background leading to an increase in the production of constitutive anti-herbivory traits 
(Figure 3-8). Taken together this could indicate different interactions between BR and 
JA under normal and stress conditions and that the effect of BR on JA is complex varying 
depending on the context within which the relationship is assayed. Crosstalk and 
interactions between phytohormones are variable between host-pest pairs as well as 
conditions (Sun et al., 2011; Wu and Baldwin, 2010; Robert-Seilaniantz et al., 2007; 
Peleg and Blumwald, 2011; Bari and Jones, 2009; Dahl and Baldwin, 2007), thus the 
changing roles of BR in its interaction with JA levels are not all together unexpected.
4.2 Preliminary Analysis of Transcriptome Responses of MT and MT-D Plants to 
Spider Mite Feeding
4.2.1 JA Biosynthesis
Analysis of MT and MT-D transcriptome responses to spider mite feeding 
indicated that MT responses were dynamic where MT-D responses to mite feeding were 
static in comparison (Figure 3-9). However, although the endogenous JA levels differed 
greatly in these two lines (Figure 3-7B), the expressions of JA biosynthesis genes were 
similar between them (Figure 3-11). Furthermore, no dramatic differences in the absolute 
expression levels of these genes in the controls of MT and MT-D plants were observed 
(data not shown), indicating that JA biosynthetic genes were indeed similarly expressed
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in MT and MT-D. These results indicate that BR does not affect JA biosynthetic genes at 
transcriptional level. It is possible that BR regulates JA levels via changes in JA 
metabolism, however further research will be required to confirm this hypothesis.
4.2.2 Multicystatin
In contrast to the similar expression patterns of JA biosynthesis genes in both 
cultivars, the JA response gene MC was differentially regulated in MT and MT-D. In the 
MT cultivar, induction of MC transcripts was an order of magnitude higher than MC 
induction in MT-D after 12 hours of mite feeding (Figure 3-11). The MC gene encodes a 
multi-cystatin protein. The over-expression of barley cystatins has been shown to impart 
resistance to aphid herbivory to Arabidopsis (Carrillo et al., 2011). An increased 
expression of cystatins in MT in comparison to MT-D could potentially explain the 
increased resistance of MT. However, the expression levels of other cystatin genes and 
the level of cystatin protein activity in MT and MT-D remains to be examined. 
Nevertheless the concept of a cystatin-based spider mite resistance in MT is worth 
examination. Tetranychus urticae have a 3-fold expansion in cystine peptidase genes in 
their genome and transcriptome analysis of spider mite feeding responses indicates that 
one-third of all cystine peptidases are up regulated in response to feeding on tomato 
(Grbic et al., 2011). Increased levels of cystatin in tomato tissues would impede spider 
mite digestion by breaking down cystine proteases. Given that proteolytic digestion in 
mites is based primarily on cystine protease activity, inhibition of cystine proteases 
would be an effective defence mechanism (Grbic et al., 2011). Further examination of 
cystatin transcriptional profiles and activity in MT is required to confirm the role of
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cystatins in anti-herbivory defence. However at the very least, the use of cystatins in 
generating transgenic spider mite resistant tomato cultivars is worth exploration.
4.2.3 Polyamines
Spermidine biosynthesis and metabolism genes were found to be enriched in MT 
upon spider mite feeding. Polyamines are basic aliphatic amine molecules that are 
involved in a host of cellular processes (Kusano et al., 2008). Several polyamines have 
been implicated in biotic stress regulation against plant pathogens via roles in ROS 
scavengers and acting as signalling molecules (Cona et al., 2006). Spermidine is a 
polyamine compound whose over-expression has been shown to increase lycopene 
content, fruit quality, and vine life when in tomato (Mehta et al., 2002). The production 
of spermidine is induced upon spider mite feeding in lima beans (Phaseolus lunatus) 
(Ozawa et al., 2009). Moreover the exogenous application of spermidine to lima beans 
produces the same volatile compound emission profile as spider mite feeding, signifying 
that spermidine may be involved in anti-herbivory signalling (Ozawa et al., 2009).
GO analysis of genes induced by spider mite feeding in MT revealed enrichment 
of polyamine biosynthesis and metabolism genes (Figure 3-13B-D). It is possible that 
MT resistance to spider mite feeding can be partially contributed to changes in polyamine 
biosynthesis and metabolism in two ways: firstly, polyamines could be acting as 
signalling molecules which lead to the up regulation of downstream defences; secondly, 
changes in metabolism of polyamines could aid in the regulation of ROS signalling via 
the production of H2O2 molecules from polyamine oxidation, and the scavenging of ROS 
molecules via polyamine reduction. However, more research into the role of polyamines 
in spider mite defence is required to validate these hypotheses.
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4.2.4 MT-D Responses
Sterol metabolic processes were found to be enriched in MT-D during early 
feeding time points. This enrichment is not found in any of the MT or common gene 
sets, suggesting that the activation of sterol metabolic processes is a MT-D specific 
response. Given that BRs are steroid derivative molecules that require the oxidation of 
sterols during biosynthesis, the enrichment of sterol metabolic genes may represent 
changes in BR biosynthesis (Sakurai, 1997). In planta BR levels are difficult to quantify 
due to their low concentration, and transcriptional responses of BR-induced genes 
overlap with those of other phytohormones making the contributions of BR under stress 
conditions difficult to study (Divi et al., 2010; Hardtke, 2007; Krishna, 2003).
Enrichments for water deprivation, desiccation, and water response genes were 
present in MT-D gene sets after 3 hours of mite feeding. The plant stress hormone 
abscisic acid (ABA) has been shown to activate water stress response genes in 
association with herbivory (Erb et al., 2011; Xu et al., 2010). Given that ABA and BR 
possess a great deal of overlap in transcriptional response genes and engage in a great 
deal of crosstalk, it is possible that either hormone maybe activating water stress 
associated genes in response to spider mite feeding in MT-D (Divi et al., 2010). It is 
important to note that the enrichment of these water response genes is not due to water 
deprivation itself. MT and MT-D plants were kept in the same trays and exposed to 
identical amounts of water; however, MT-gene sets do not exhibit any water deprivation, 
desiccation, and water response gene enrichment. It is possible that water stress response 
and spider mite feeding induce some of the same downstream transcriptional responses.
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CH APTER FIVE -  CO NCLUSIO NS
Tomato is an agriculturally important crop worldwide. With intensifying global 
warming, the problems posed by spider mite infestations are expected to increase 
(Migeon et al., 2009). These studies have produced a platform with which to study the 
interaction between two agriculturally and economically relevant species. The screening 
platform generated from this work will provide an excellent basis upon which to establish 
future tomato-spider mite studies. The use of two model lines (MT for tomato, and 
London for spider mites) in this study provides a baseline interaction, against which 
future studies can be compared. Moreover, research into the use of multicystatin and 
spermidine in the generation of spider mite resistant tomato lines could contribute to the 
production of spider mite resistant commercial tomato cultivars. Further detailed analysis 
of transcriptome responses differentially regulated between MT and MT-D will help 
elucidate the role of BRs in biotic stress response. Although only a preliminary analysis 
of the transcriptome data generated has been presented, these data will provide clues, and 
improve our understanding of tomato-spider mite interactions, as well as the mechanisms 
behind MT resistance to spider mite feeding. Research stemming from the data provided 
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A < lO%Total Area Damaged
iO-25%Total Area Damaged 




Two way ANOVA 
Source of Variation DF SS MS F P
Days 2 4543.224 2271.612 1.191 0.310
Mites 2 154275.596 77137.798 40.427 <0.001
Days x Mites 4 7271.860 1817.965 0.953 0.439
Residual 72 137380.698 1908.065
Total 80 303471.378 3793.392
The difference in the mean values among the different levels of Days is not great enough 
to exclude the possibility that the difference is just due to random sampling variability 
after allowing for the effects of differences in Mites. There is not a statistically 
significant difference (P = 0.310).
The difference in the mean values among the different levels of Mites is greater than 
would be expected by chance after allowing for effects of differences in Days. There is a 
statistically significant difference (P = <0.001). To isolate which group(s) differ from the 
others use a multiple comparison procedure.
The effect of different levels of Days does not depend on what level of Mites is present. 
There is not a statistically significant interaction between Days and Mites. (P = 0.439)
Power of performed test with alpha = 0.0500: for Days : 0.0763 
Power of performed test with alpha = 0.0500: for Mites : 1.000 
Power of performed test with alpha = 0.0500: for Days x Mites: 0.0500
Appendix 3













T Critical one-tail 1.796
P(T<=t) two-tail 0.112
T Critical Two-tail 2.201
Accept Null Hypothesis because p > 0.05 (Means are the same) „_
Accept Null Hypothesis because p > 0.05 (Means are the same)
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T Critical one-tail 1.746
P(T<=t) two-tail 0.009
T Critical Two-tail 2.120
Reject Null Hypothesis because p < 0.05 (Means are 
Different)






Groups Count Sum Average Variance
1 mite 9 3802 422.4444 56475.28
5 mites 9 15119 1679.889 299469.6
15 mites 9 32288 3587.556 1667553
50 mites 9 128151 14239 6676153
ANOVA
Source o f 
Variation SS d f MS F P-Value F crit
Between Groups 1.07E+09 3 3.58E+08 164.5997 0.000 2.90112
Within Groups 69597205 32 2174913
Total 1.14E+09 35





Source o f  Variation SS d f MS F P-Value F crit
1. Number of mites 83939.74 4 20984.93 1.000164 0.414 2.515318
2. Resolution (DPI) 6255.628 1 6255.628 0.29815 0.587 3.990924
3. Mites x Resolution 66251.22 4 16562.81 0.789401 0.536 2.515318
Within 1342815 64 20981.49
Total 1499262 73
1. Accept Null Hypothesis because p > 0.05 (Means are the same)
2. Accept Null Hypothesis because p > 0.05 (Means are the same)
3. Accept Null Hypothesis because p > 0.05 (Means are the same)
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Appendix 7
ANOVA TWO-WAY: 1200dpi Automated vs Manual Quantification
Source o f P-




59704.74 3 19901.58 20.74935 0.000 3.238872
Method 
3. Mites x
734.5885 1 734.5885 0.765881 0.394 4.493998
Quantification
Method 4502.477 3 1500.826 1.564758 0.237 3.238872
Within 15346.28 16 959.1424
Total 80288.08 23
1. Reject Null Hypothesis because p < 0.05 (Means are Different)
2. Accept Null Hypothesis because p > 0.05 (Means are the same)
3. Accept Null Hypothesis because p > 0.05 (Means are the same)
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Appendix 8
ANOVA TWO-WAY: 200dpi Automated vs Manual Quantification
Source o f P-
Variation SS d f MS F Value Fcrit




64.56596 1 64.56596 0.061837 0.807 4.493998
Quantification
Method 1784.846 3 594.9485 0.569805 0.643 3.238872
Within 16706.04 16 1044.127
Total 82117.66 23
1. Reject Null Hypothesis because p < 0.05 (Means are 
Different)
2. Accept Null Hypothesis because p > 0.05 (Means are the 
same)
3. Accept Null Hypothesis because p > 0.05 (Means are the 
same)
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Hypothesized Mean Difference 0
df 16
t Stat -7.367
1. P(T<=t) one-tail 0.000
T Critical one-tail 1.746
2. P(T<=t) two-tail 0.000
T Critical Two-tail 2.120
1. Reject Null Hypothesis because p < 0.05 (Means are Different)
2. Reject Null Hypothesis because p < 0.05 (Means are Different)
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Hypothesized Mean Difference 0
df 16
tStat 0.285
1. P(T<=t) one-tail 0.390
T Critical one-tail 1.746
2. P(T<=t) two-tail 0.779
T Critical Two-tail 2.120
1. Accept Null Hypothesis because p > 0.05 (Means are the same)
2. Accept Null Hypothesis because p > 0.05 (Means are the same}—
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Hypothesized Mean Difference 0
df 16
tStat 0.285
1. P(T<=t) one-tail 0.390
T Critical one-tail 1.746
2. P(T<=t) two-tail 0.779
T Critical Two-tail 2.120
1. Accept Null Hypothesis because p > 0.05 (Means are the same)
2. Accept Null Hypothesis because p > 0.05 (Means are the same)-—
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Appendix 12
SA - ANOVA Two-way
Source o f Variation SS d f MS F
P-
Value F crit
1. Feeding Period 4171280 4 1042820 50.9723 0.000 2.866081
2. Cultivar 61887.48 1 61887.48 3.025016 0.097 4.351243
3. Period*Cultivar 197769.9 4 49442.49 2.416714 0.083 2.866081
Within 409171.2 20 20458.56
Total 4840109 29
1. Reject Null Hypothesis because p < 0.05 (Means are Different)
2. Accept Null Hypothesis because p > 0.05 (Means are the same)
3. Accept Null Hypothesis because p > 0.05 (Means are the same)
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Appendixl3
J A-AN OVA Two-way
Source o f Variation SS d f MS F
P-
Value F crit
1. Feeding Period 6715.467 4 1678.867 16.29134 0.000 2.866081
2. Cultivar 1506.058 1 1506.058 14.61445 0.001 4.351243
3. Feeding Period*
Cultivar 7080.634 4 1770.159 17.17722 0.000 2.866081
4. Within 2061.054 20 103.0527
Total 17363.21 29
1. Reject Null Hypothesis because p < 0.05 (Means are Different)
2. Reject Null Hypothesis because p < 0.05 (Means are Different)
3. Reject Null Hypothesis because p < 0.05 (Means are Different)
MT-DJA AN OVA 
One-way_________
Source o f 
Variation SS d f MS F P-Value F crit
Feeding Periods 482.6134 4 120.6534 0.1087 0.978 3.055568
Within Groups 16649.57 15 1109.971
Total 17132.19 19
Accept Null Hypothesis because p > 0.05 (Means are the same)
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Hypothesized Mean Difference 0
df 38
t Stat 0.829
1. P(T<=t) one-tail 0.206
T Critical one-tail 1.686
2. P(T<=t) two-tail 0.412
T Critical Two-tail 2.024
1. Accept Null Hypothesis because p > 0.05 (Means are the same)
2. Accept Null Hypothesis because p > 0.05 (Means are the same)
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Hypothesized Mean Difference 10
df 38
t Stat -0.490
1. P(T<=t) one-tail 0.314
T Critical one-tail 1.686
2. P(T<=t) two-tail 0.627
T Critical Two-tail 2.024
1. Accept Null Hypothesis because p > 0.05 (Means are the same)
2. Accept Null Hypothesis because p > 0.05 (Means are the same)
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Hypothesized Mean Difference 0
df 38
tStat -2.309
1. P(T<=t) one-tail 0.013
T Critical one-tail 1.686
2. P(T<=t) two-tail 0.026
T Critical Two-tail 2.024
1. Reject Null Hypothesis because p < 0.05 (Means are Different)
2. Reject Null Hypothesis because p <0.05 (Means are Different)
Appendix 17
t-test: Two-Sample Assuming Equal Variances








Hypothesized Mean Difference 10
df 38
t Stat -0.618
1. P(T<=t) one-tail 0.270
T Critical one-tail 1.686
2. P(T<=t) two-tail 0.540
T Critical Two-tail 2.024
1. Accept Null Hypothesis because p > 0.05 (Means are the same)
2. Accept Null Hypothesis because p > 0.05 (Means are the same)
